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ABSTRACT 
 
The field of power electronics finds extensive application within the energy 
industry. In particular, three-phase AC-DC conversion is employed in many high power 
applications that require integration with the utility grid such as electric vehicle 
charging, adjustable speed drive systems, telecommunication power supplies, and 
renewable energy systems. The power electronics industry is constantly pushing the 
limits of three-phase AC-DC converters in terms of power density, efficiency, and input 
current quality. Thus, the driving force behind this research is to analyze and design new 
three-phase AC-DC rectifier systems which exhibit high power density and efficiency 
while complying with input current harmonic standards.  
Without losing generality, a particular application is suggested for each of the 
proposed three-phase AC-DC rectifier systems to demonstrate their value within the 
energy industry. In the first study, a push-pull based three-phase AC-DC rectifier with 
medium frequency galvanic isolation is proposed. The unique features of this topology 
include the simplicity of its modulation scheme, its minimized active switch count and 
its high power density. It is shown that operating at medium frequency of 600 Hz, the 
transformer size is 1/3 of the equivalent 60 Hz design. A 10 kW design example is 
shown to achieve 96.5% efficiency. 
In the second study, a full-bridge based three-phase AC-DC rectifier with high 
frequency galvanic isolation (20 kHz) is implemented to further improve power density 
and transformer utilization. Galvanic isolation is provided through a three-phase, five-
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limb ferrite core transformer. By operating at 20 kHz, the transformer size is reduced 
twenty-one times compared to the 60 Hz design. The output DC voltage is regulated 
with simple duty cycle control without affecting the low order harmonics in the input 
current making this topology suitable for electric vehicle charging applications.  
In the third study, a three-phase AC-DC PWM rectifier is proposed. The 
converter is modulated using programmed PWM switching functions. It is shown that 
selected harmonics are eliminated from the utility input current. The main advantages of 
this topology include the absence of electrolytic capacitors, good input current quality, 
and high power density. 
In the final study, a three-phase AC-DC rectifier with bidirectional power flow 
capability is proposed. The converter operates in soft switching conditions, improving 
the system’s efficiency. The utility input current exhibits unity power factor and low 
total harmonic distortion. High power density is achieved by employing high frequency 
isolation and by avoiding electrolytic capacitors in the front-end.  
 The analysis and design principles of each topology are accompanied with 
mathematical modeling and detailed simulation results. Additionally, finite element 
analysis (FEA) software such as Ansys Maxwell is used to assess the performance of the 
medium and high frequency transformers. Furthermore, experimental results - on scaled 
down laboratory prototypes- are presented to validate the performance of the proposed 
systems. Overall, the results obtained indicate that the proposed topologies offer 
advantages in terms of power density, simplicity, and input current quality compared to 
conventional and state of the art three-phase AC-DC systems. 
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1. INTRODUCTION 
1.1 Introduction to Three-Phase AC-DC Rectifier Systems 
Electrical energy conversion through power electronic converters makes it 
possible to integrate many systems with the utility grid. Power electronic converters 
condition and process electrical energy in such a way that is beneficial to the end user. 
The input side of an off-line power electronic converter, simplified to a black box in 
Figure 1-1, is the utility grid at line frequency (50/60 Hz). The output characteristics of 
the power electronic converter such as voltage, current, frequency, and number of phases 
are dictated by the load requirements. Within the power electronic converter box the 
following components are usually found: semiconductor switching devices (IGBTs, 
diodes, MOSFETs, etc.), inductors and capacitors that are used as energy storage devices 
or for filtering purposes,   heatsinks for cooling, and power transformers for isolation. 
 
Power 
Electronics 
Converter
Utility 
grid
Input
Load
Output
 
Figure ‎1-1: Block diagram of a power electronic converter 
 
An AC-DC power electronic converter is classified as a rectifier if it delivers a 
DC output from an AC input [1]. The AC input for the rectifier is usually a single-phase 
voltage source or a three-phase voltage source. For high power applications, three-phase 
AC-DC conversion is more convenient as opposed to single-phase AC-DC conversion 
 2 
 
[2, 3]. Based on the load requirements and the design criteria, the three-phase rectifier 
system might require multiple conversion stages to achieve overall AC-DC conversion. 
For instance, as shown in Figure 1-2, the first power electronic converter could be used 
to transform the utility grid three-phase voltages into another set of three-phase voltages 
with different magnitude and frequency. Meanwhile, the second power electronic 
converter in Figure 1-2 could be used to convert the new set of three-phase voltages into 
a DC output. Usually when power conversion is done in multiple stages there is an 
energy storage element such as a capacitor to decouple the systems. 
 
Power 
Electronics 
Converter 1
Utility 
grid
Input
Load
Output
Power 
Electronics 
Converter 2
 
Figure ‎1-2: AC-DC rectifier system with multiple conversion stages 
 
1.2 Utility Grid Applications with Three-Phase AC-DC Rectifier Systems 
A prediction on the worldwide use of AC-DC converters is given in Figure 1-3. 
As shown in this figure, the market for AC-DC converters grows annually [4]. In 
particular, three-phase AC-DC rectifier systems find widespread application within the 
energy industry. For example, in traditional applications such as adjustable speed drive 
systems, a three-phase AC-DC rectifier is utilized as the front-end power electronic 
converter. As shown in Figure 1-4, three-phase AC-DC conversion also plays a 
significant role in emerging and developing applications such as electric vehicle 
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charging, battery energy storage systems, server power supplies, and data centers [5], 
[6], [7], [8]. 
This widespread applicability of AC-DC converters encourages the development 
of new three-phase AC-DC converters which overcome the limitations of conventional 
three-phase AC-DC conversion schemes. Furthermore, the constant push within the 
industry towards smaller sizes and higher efficiencies in high power applications opens 
up a wide window of research opportunities within three-phase AC-DC rectifier systems. 
 
 
Figure ‎1-3:  Industry outlook for AC-DC converters (in million units). Reprinted from [4].  
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Figure ‎1-4: Three-phase AC-DC conversion applicable in EV charging, adjustable speed drive 
systems, DC energy storage, and data-centers. Reprinted from [8]. 
 
1.3 Performance Indices for Three-Phase AC-DC Rectifier Systems 
The design of three-phase AC-DC rectifier systems tied to the utility grid must 
take into account the following parameters: utility input current quality, power density 
(i.e. size and weight), efficiency, cost, and reliability. It is worth noting that in this 
dissertation, the reliability of the proposed three-phase AC-DC converters is not fully 
discussed.  
1.3.1 Input Current Quality 
The current drawn from the utility grid by the three-phase rectifier must be of 
high quality. Input current quality is assessed in terms of power factor (PF) and total 
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harmonic distortion (THD). Independent of the application, the input current typically 
requires a PF close to unity and a THD of less than 5% [9]. The PF of a system drawing 
non-sinusoidal currents is characterized by two components, the distortion factor (DF) 
and the displacement power factor (DPF), and is defined in (1.1). The THD is an index 
that describes the non-sinusoidal nature of a waveform due to its harmonics and is 
calculated by (1.2). In addition, standards such as IEEE-519 and IEC61000-3-4 place 
limitations on the magnitudes of the current harmonic components drawn by systems 
connected to the utility grid [10], [11]. 
 cos1 
rmsI
I
DPFDFPF        (1.1) 
 
1
2
2
I
I
THD
n n

        (1.2) 
1.3.2 Power Density 
 The power density of a power electronic converter is a measure of its size and 
weight. In this dissertation, the power density of a power electronic converter is defined 
as in (1.3); it is the ratio between the total power processed by the converter and the total 
volume it occupies. It is desirable for a power electronic converter to have high power 
density especially in high power utility connected systems because it leads to lower costs 
in terms of installation and maintenance, enables compact designs, and reduces weight 
and footprint [12]. 
 
)(
)(
3dmVolumeTotal
WprocessedpowerTotal
DensityPower       (1.3) 
 6 
 
The components that have a strong impact in the power density of a converter 
include the total capacitor volume compromised of EMI filter capacitors and DC link 
capacitors, the cooling system which primarily consists of heatsinks, and the magnetic 
components such as inductors and transformers [13]. The volume breakdown of power 
electronic converters for various switching frequencies is shown in Figure 1-5. It is 
evident that roughly 60-70% of the volume for a given converter is occupied by the 
magnetic components [13]. For instance, the volume of a voltage source inverter (VSI) 
operating at a switching frequency of 4 kHz is roughly 5 dm
3
 with its magnetic 
components occupying a volume of 4.2 dm
3
.  
In addition, safety standards mandate the use of galvanic isolation – between 
input and output – in applications such as those mentioned in subsection 1.2. Therefore, 
it is common for AC-DC rectifier systems to employ galvanic isolation through 
transformers. By nature, transformers are made of magnetic material and also contribute 
significantly to the size of power converters. Inductors and transformers also have a 
strong impact on the weight of converters. Reducing the size and weight of these 
magnetic components is an important theme in this dissertation because it would result 
in the benefits outlined previously.  
After magnetic components, DC link capacitors are the components which affect 
power electronic converters the most in terms of size and weight. Thus, approaches that 
reduce the number or eliminate the use of DC link capacitors are also desirable. 
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Figure ‎1-5: Volume occupied by components in power electronic converters for different switching 
frequencies [13]. © 2013 IEEE 
 
1.3.3 Efficiency 
Along with having high input current quality and high power density, high 
efficiency is desired for three-phase AC-DC converters. Efficiencies of 95% or higher 
are desired. Within a power electronic converter, power losses come primarily from the 
semiconductor devices and from its magnetic components.  
The semiconductor device losses account for both switching losses and 
conduction losses. Switching losses occur due to the non-ideal nature of the 
semiconductor devices; the active switching devices are not able to turn ON and OFF 
instantaneously as shown in Figure 1-6. During switching transitions, power loss occurs 
and is proportional to the switching frequency. Higher switching frequencies imply 
higher switching losses. Switching losses can be minimized by employing components 
and control techniques that enable soft switching (i.e. zero voltage switching (ZVS) or 
zero current switching (ZCS)). Achieving ZVS and ZCS enables the use of higher 
switching frequencies in converters without compromising the system’s efficiency. The 
conduction losses of a semiconductor device occur during the ON state of the device due 
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to forward voltage drops as shown in Figure 1-6.  Furthermore, reducing the number of 
conversion stages within a power electronic converter is desirable because higher 
efficiencies can be obtained. 
 The magnetic components in a power electronic converter (i.e. inductors and 
transformers) also incur power losses. Ohmic losses are present due to the windings 
around the magnetic cores. Moreover, the magnetic structures themselves suffer from 
core losses which encompass eddy current loss and hysteresis loss. Thus, appropriate 
selection of the magnetic materials for inductors and transformers is critical when 
designing three-phase AC-DC rectifier systems. 
 
 
Figure ‎1-6: Semiconductor power losses. Switching losses occur during switching transitions and 
conduction loss occurs due to device forward voltage drop. 
 
1.3.4 Cost and Reliability 
 Logically, it is desired by the designer and user to keep the cost of a three-phase 
AC-DC rectifier system as low as possible. In general, maintaining simplicity helps to 
reduce cost while complexity increases cost. Having a low semiconductor device count 
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helps to maintain simplicity. The voltage and current ratings of the semiconductor 
devices also affects their cost. The magnetic material chosen for inductors and 
transformers also impact the cost of a rectifier system. Magnetic cores that are more 
efficient tend to be more expensive. 
 In power electronics, reliability is defined as the probability of a converter not 
failing within a desired timeframe under certain operating conditions [14]. Within a 
power electronic converter, the components most prone to failure are the power 
semiconductor devices and electrolytic capacitors [15]. Failure of these components 
usually results in shutdown of the power electronic converter. This shut-down is 
undesired as it increases the cost of operation. Metrics such as failure rate, meant time 
between failure, and average downtime are used to assess the reliability of power 
electronic converters. Although the reliability of the proposed rectifiers in this 
dissertation is not investigated thoroughly, the use of electrolytic capacitors is avoided.  
 
1.4 Medium or High Frequency Isolation 
 From the discussed performance indices it is clear that in general the power 
electronics industry is moving towards compact, high efficient and cost-effective 
systems; three-phase AC-DC rectifier systems are not an exception.  
A well-known method to reduce the size and weight of a converter is to increase 
the operation frequency of transformers and inductors. Increasing the operation 
frequency through power semiconductor devices (e.g. IGBTs, MOSFETs) allows a 
reduction in size of the transformer and inductor cores resulting in improved power 
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density [16], [17], [18]. The volume of magnetic cores can be reduced when operated at 
frequencies higher than utility line frequency (50/60 Hz) [12], [19]. This inverse relation 
between magnetic core area and frequency can be observed from (1.4) and applies to 
magnetic cores excited with sinusoidal waveforms [20]. In (1.4), A refers to the cross-
sectional area of the core in m
2
, Bmax refers to the peak magnetic flux density, f is the 
core’s frequency of operation, Erms is the voltage induced in the winding, and N is the 
number of turns in the winding. 
 
max2 BNf
E
A rms



        (1.4) 
While improving power density, the use of higher frequencies also impacts the 
efficiency three-phase AC-DC rectifier systems. At higher frequencies, magnetic core 
losses tend to increase and can compromise the system efficiency if the core’s operating 
conditions are not designed properly [21, 22]. Proper selection of the magnetic core 
material is also essential to achieve high power density while simultaneously 
maintaining high system efficiency. The core materials commonly used for high power 
applications are silicon-steel, ferrite, amorphous materials and nanocrystalline materials 
with each having its merits and limitations [23, 24]. 
Silicon-steel cores can be operated at relatively high magnetic flux densities (i.e. 
1.6T) but are limited to medium frequency operation (i.e. 400 Hz- 2 kHz) because they 
exhibit high core loss at higher frequencies [23]. Compared to silicon-steel cores, 
amorphous cores can be operated at higher frequencies (i.e. 5 kHz - 8 kHz) but are more 
expensive. Meanwhile, ferrite cores are more expensive than both silicon-steel and 
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amorphous material cores and have relatively low magnetic flux density (i.e. 0.5T) but 
exhibit high efficiency at frequencies greater than tens of kilohertz.  Nanocrystalline 
cores can operate at relatively high magnetic flux densities (i.e. 1.4T) and also have the 
lowest core losses among the mentioned magnetic materials [23]. The main limitation of 
nanocrystalline cores is that they are the most expensive among the mentioned materials. 
In this dissertation, the proposed three-phase rectifier systems employ 
transformers that operate at a frequency higher than the line frequency (50/60 Hz). Thus 
to avoid a conceptual issue the terms medium frequency and high frequency must be 
defined. In this dissertation the term medium frequency applies to the range 400 Hz – 2 
kHz, while the term high frequency applies to frequencies greater than 5 kHz. 
 
1.5 Conventional and State of the Art Three-Phase AC-DC Rectifier Systems 
Three-phase AC-DC rectifier systems can be classified as passive systems, 
hybrid systems, and active systems [9]. Many such systems have been proposed in the 
literature and an overview is given in this sub-section. Moreover, the limitations of 
conventional and state of the art three-phase rectifier systems are discussed. 
1.5.1 Passive Systems 
A passive system is characterized by the absence of controllable semiconductor 
devices (IGBTs, MOSFETs, SCRs, etc.). The semiconductor devices in these systems 
commutate purely from the input source voltages. Furthermore, passive systems lack the 
ability of output voltage regulation. Examples of passive rectifier systems include diode 
bridge rectifiers and multi-pulse rectifiers. 
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1.5.1.1 Diode Bridge Rectifier 
A conventional three-phase AC-DC rectifier that is widely used in industry 
interfaces a six-pulse rectifier with the utility grid as shown in Figure 1-7. This 
uncontrolled six pulse rectifier draws an input current with low order harmonics (i.e. 5
th
, 
7
th
, 11
th
, 13
th
, etc.) accounting for a THD of at least 31% [1]. Since the input current has 
low order harmonics, the input filter must be large in size compromising the power 
density of the system. The diodes in the three-phase rectifier can be replaced with SCRs 
to provide output voltage regulation (albeit this SCR would not be classified as a passive 
system), but this further exacerbates the input current quality. 
 
 
Figure ‎1-7: Uncontrolled six-pulse three-phase AC-DC Rectifier. Input currents contain low order 
harmonics 
 
1.5.1.2 Multi-pulse Rectifier Schemes 
Methods to improve the input current quality include the use of phase shifting 
transformers and multi-pulse rectifiers. Using a 12-pulse arrangement as shown in 
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Figure 1-8, the topology naturally eliminates the 5
th
, 7
th
, 17
th
, etc. low order harmonics 
from the line input current. The harmonics present in the line input current are the 11
th
, 
13
th
, 23
rd
, 25
th
, etc. This kind of arrangement is typical in industrial motor drives [25]. 
The input current quality can be further improved by adding more windings to the 
transformers and six-pulse diode rectifiers in the output. In general, the harmonics 
present in the input current are given by (1.5), where h represents the harmonic order, n 
is any integer and p is the number of pulses in the rectifier. 
 1 pnh         (1.5) 
 
 
Figure ‎1-8: Multi-pulse three-phase AC-DC rectifier with phase-shifting transformer to eliminate 
low order harmonics 
 
Despite the improvement in input current quality, the transformers employed for 
phase shifting operate at line frequency (50/60 Hz) and are thus large in size and weight, 
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compromising the power density of the system. A reduction in size and weight is 
achieved by employing the half-power 12-pulse approach as explained in [26]. As shown 
in Figure 1-9, this approach takes advantage of the fact that the star-connected secondary 
windings in the conventional 12-pulse approach do not have a phase shift compared to 
the utility grid voltages. Therefore, instead of using a star-connected set of windings, a 
set of reactors is interfaced between the utility grid and one of the six-pulse rectifiers in 
the output. However, the delta-connected windings and the new set of reactors operate at 
line frequency and thus size and weight remain a concern. Furthermore, in this approach 
electrical isolation between the input source and the load is lost. 
 
 
Figure ‎1-9: Half-power 12-pulse topology. This topology reduces size of conventional line frequency 
12-pulse rectifier but loses galvanic isolation 
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The size and weight of multi-pulse rectifiers have been reduced by employing 
multi-winding autotransformers with reduced kVA ratings [27-29] . A 12-pulse rectifier 
approach employing autotransformer connection is shown in Figure 1-10 [27]. As shown 
in this figure galvanic isolation between the utility grid and the load is lost. Furthermore, 
since these autotransformers operate at line frequency the power density of these 
systems remain a concern. 
 
 
Figure ‎1-10: Multi-pulse rectifier with autotransformer connection. © 1996 IEEE 
 
1.5.2 Hybrid Systems 
A hybrid three-phase AC-DC rectifier system usually involves a combination of 
passive semiconductor devices (commutating at line frequency) and active 
semiconductor devices. A relevant feature of hybrid systems is output voltage regulation. 
A typical hybrid system is shown in Figure 1-11. When electrical isolation and output 
voltage regulation are required, the DC link produced by the six-pulse rectifier is 
interfaced to a DC-DC converter which is then connected to a high frequency 
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transformer. The secondary side of the transformer is then connected to a single-phase 
diode rectifier to produce the overall DC output. Although this topology provides 
isolation and output voltage regulation, it still draws an input current with low order 
harmonics requiring a large input filter large. In addition the configuration has multiple 
conversion stages (ac-dc-ac-dc) to the detriment of the system’s efficiency. 
 
 
Figure ‎1-11: Three-phase isolated AC-DC converter with multiple conversion stages. 
 
Other hybrid systems employ active semiconductor devices to emulate the 
inductor in the DC side of the diode bridge as shown in Figure 1-12 [30]. The reasoning 
behind this approach is that a reduction in size is achieved by eliminating the inductor, 
but no improvement is made to the input current quality. Other three-phase rectifier 
which uses the emulating inductor concept are proposed in [31, 32] . However, the 
current still exhibits low order harmonics (5
th
, 7
th
, 11
th
, 13
th
, etc.). This emulating 
inductor concept can also be extended to multi-pulse rectifiers. 
Another hybrid system employing multi-pulse rectifiers and boost converters on 
the output for voltage regulation is shown in Figure 1-13 [33]. In this topology, a good 
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input current quality is achieved even when the input line voltages are distorted. 
Nevertheless, this topology employs line frequency magnetics and size remains a 
concern. In addition, this topology is not isolated. 
 
 
Figure ‎1-12: Active inductor topology [30]. © 2014 IEEE 
 
 
Figure ‎1-13: Boost type 12-pulse converter with autotransformer connection. © 2011 IEEE 
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1.5.3 Active Systems 
A distinguishing feature of active systems is the sinusoidal nature of the line 
input currents. One such active method is the phase modular approach shown in Figure 
1-14. In this approach, the well-known single-phase boost power factor correction (PFC) 
module is used for three-phase applications [34], [35]. Each module has a single-phase 
rectifier followed by a boost converter which allows the input current to be nearly 
sinusoidal and in phase with the utility line-to-neutral voltages. The electrolytic DC 
capacitors connected at the output of each boost converter has to suppress twice the line 
frequency ripple and is thus large in size. Furthermore, if isolation is required an 
additional full bridge converter must be added to produce an AC voltage at high 
frequency. At the secondary side of the transformer, a single-phase rectifier must be used 
to produce an overall DC output voltage. Thus, this converter requires multiple 
components and multiple conversion stages (i.e. ac-dc-ac-dc) contributing to complexity. 
Moreover, the control and modulation schemes are relatively complicated. In addition, 
significant sensing effort is required for proper operation. 
Another active system was introduced in [36]. This scheme, shown in Figure 1-
15, employs an autotransformer and multi-pulse rectifiers whose outputs are actively 
switched to produce an input current with low distortion at rated loads. Although low 
distortion is achieved, the autotransformers operate at line frequency and the overall size 
continues to be of concern. Furthermore, this autotransformer based multi-pulse 
rectifiers lack isolation between the input source and output load to detriment of safety. 
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Figure ‎1-14: Modular three-phase AC-DC rectifier system. 
 
 
 
Figure ‎1-15: 12-pulse autotransformer rectifier for variable frequency drives. © 2015 IEEE 
 
Other popular active rectifier systems include the three-level Vienna rectifier 
[37], and the six-switch PWM rectifier [38]. The Vienna rectifier has good 
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characteristics such as sinusoidal input current, output voltage regulation, and low 
voltage stress on the semiconductor devices. In comparison, the six-switch PWM 
rectifier has higher voltage stress but offers bidirectional power flow capability. 
However, these systems require an electrolytic capacitor for a DC link and also require 
additional conversion stages in applications requiring galvanic isolation. The 
shortcomings discussed in this subsection make it evident that there is room for 
improvement in three-phase AC-DC rectifier systems. 
 
1.6 Research Objective 
 Driven by the trends and needs in the power electronics industry, the primary 
objective of the work in this dissertation is to analyze, design, simulate and test new 
three-phase AC-DC rectifier systems which employ medium or high frequency 
transformer isolation. These new three-phase isolated AC-DC rectifier systems 
overcome the limitations of conventional systems in terms of power density, simplicity, 
efficiency, and input current quality. Four different three-phase AC-DC rectifier systems 
are proposed in this dissertation. Without losing generality, a particular application is 
suggested for each topology to demonstrate their merit within the energy industry.  
 First, a push-pull based three-phase AC-DC rectifier with medium frequency 
isolation is proposed. The unique features of this topology include the simplicity of its 
modulation scheme, its minimized active switch count and its high power density. 
In the second proposed three-phase AC-DC rectifier, power density and 
transformer utilization are further improved. A full bridge based three-phase AC-DC 
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rectifier with high frequency isolation is implemented. The output DC voltage is 
regulated with simple duty cycle control without affecting the low order harmonics in 
the input current making this topology suitable for telecommunication and electric 
vehicle charging applications. In addition this topology eliminates the use of electrolytic 
capacitors in the front-end. 
In the third study, a PWM rectifier with selective harmonic elimination 
techniques is presented. A high frequency transformer is employed for isolation. The 
utility input current is programmed to have desired harmonic content by selecting 
appropriate unipolar switching functions. Thus, the input current THD is improved. The 
output voltage is regulated by the modulation index. Similar to the second study, this 
topology eliminates the use of electrolytic capacitors in the front-end. 
In the final study of this dissertation, an active rectifier system based on a matrix 
converter is proposed. A unique feature of this system is its bidirectional power flow 
capability. Furthermore, a series resonant tank is employed to achieve soft switching 
conditions. In both the rectifier and inverter mode, the system achieves sinusoidal input 
current quality. 
Detailed mathematical analysis and design examples are presented for each 
topology. The design of the medium and high frequency transformers is validated using 
Ansys Maxwell FEA simulations. Furthermore, the validity of the three-phase AC-DC 
rectifier systems is supported with detailed simulation results and experimental results 
on laboratory scaled-down prototypes. 
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1.7 Outline of Dissertation 
This dissertation is divided into seven sections. Section 1 introduces three-phase 
AC-DC rectifier systems and their relevance is emphasized by describing their role in 
numerous applications within the energy industry. The figures of merit of a three-phase 
AC-DC rectifier system are explained and the advantages of using medium or high 
frequency isolation are highlighted. Furthermore, the conventional state of the art and 
conventional three-phase AC-DC rectifiers are introduced and their limitations 
explained. Section 1 concludes with the research objective. 
In Section 2, the three-phase push-pull based AC-DC rectifier is proposed. The 
section explains how the front-end of the proposed converter can be a retrofit 
replacement of bulky line-frequency transformers in conventional isolated 12-pulse 
systems. Only two active semiconductor devices are used to create a three-phase 
medium frequency AC link. A zig-zag multi-winding medium frequency transformer is 
proposed to achieve galvanic isolation and to improve power density. Furthermore, it is 
also explained how the topology can be extended for 18-pulse operation.  After detailed 
mathematical analysis, the topology’s circuit behavior is simulated using PSIM. The 
magnetic behavior of the transformer is analyzed using ANSYs Maxwell finite element 
analysis (FEA) simulation tools.  The performance of the proposed topology is validated 
through experimental results on a 3.15 kW laboratory scaled-down prototype. 
In Section 3, a full bridge based three-phase AC-DC rectifier system is proposed.  
This section explains how a three-phase high frequency AC link is created using an AC-
AC converter in the front-end. A zig-zag high frequency ferrite core transformer is 
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employed for isolation and to improve power density. The secondary side of the zig-zag 
transformer is connected to a 12-pulse rectifier to achieve a DC output. A simple PI duty 
cycle control technique is used to regulate the output DC voltage. Through detailed 
mathematical analysis it is shown that varying the duty cycle does not affect the low 
order current harmonics. This system also has the advantage of being scalable to high 
voltage levels at the cost of component count. Different embodiments of the topology 
are also presented. Simulation results in PSIM and Maxwell are presented to verify 
functionality of the system. Experimental results on a 1 kW laboratory scaled-down 
prototype validate the proposed concept. 
In Section 4, a PWM rectifier with high frequency (20 kHz) isolation is 
proposed.  The converter is modulated using programmed PWM switching functions. 
This section shows that selected harmonics are eliminated from the utility input current. 
Solving non-linear equations yields the switching angles required to achieve output 
voltage control and elimination of low order harmonics. A 50 kW design example and 
detailed simulation results are presented to demonstrate the operation of the PWM 
rectifier. The main advantages of this topology include the absence of electrolytic 
capacitors, good input current quality, and high power density. 
In Section 5, a matrix converter based three-phase rectifier system is proposed. 
The matrix converter takes a three-phase input voltage at line frequency and produces a 
quasi-square wave AC output at high frequency. The output of the matrix converter is 
interfaced to a single-phase high frequency ferrite core transformer through a series 
resonant tank. The secondary side of the transformer is connected to a PWM rectifier. 
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This section details the bidirectional power flow operation of the system and explains its 
soft switching characteristics. Detailed simulation results on a 30 kW design example are 
presented. Experimental results on a 500 W laboratory scaled-down prototype validate 
the operation of the series resonant tank and high frequency ferrite core transformer. 
In Section 6, the analysis and design of medium and high frequency transformers 
is presented. The different characteristics of magnetic materials and their limitations are 
explained in detail. Finite element analysis (FEA) software such as Ansys Maxwell is 
used to assess the performance of the proposed medium and high frequency 
transformers. Using this FEA tool assists in making relevant conclusions about the 
transformers in terms of size, weight, and saturation effects. 
The last section in this dissertation, Section 7, provides a summary of the 
obtained results for each of the proposed systems highlighting their advantages and 
disadvantages. Moreover, a list of possible areas of investigation is suggested for further 
work in three-phase AC-DC rectifier systems. 
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2. REDUCED ACTIVE SWITCH FRONT END MULTI-PULSE RECTIFIER 
WITH MEDIUM FREQUENCY TRANSFORMER ISOLATION
*
 
This section presents a reduced switch count multi-pulse rectifier with medium 
frequency (MF) transformer isolation. The proposed topology consists of a three-phase 
push-pull based AC to DC rectifier with a MF AC link employing two active switches. 
A three-phase, five-limb, multi-winding MF transformer is employed for isolation. The 
secondary side of the transformer is connected in zig-zag configuration and is fed to two 
six-pulse diode rectifiers, achieving 12-pulse rectifier operation. The primary advantage 
of the proposed system is reduction in size/weight/volume compared to the conventional 
60 Hz magnetic transformer isolation rectifier system. Operating the transformer at 600 
Hz is shown to result in three times reduction in size. Furthermore, the proposed system 
employs only two active semiconductor switching devices operating under a simple 
pulse width modulation scheme.  Also the zig-zag transformer connection helps to 
balance leakage inductance on the secondary side. Detailed analysis, simulation, and 
experimental results on a 208Vl-l, 3.15 kW laboratory prototype are presented to validate 
the performance of the proposed approach. 
 
                                                 
*
 Part of this section is reprinted with permission from: 
1. ©2016 IEEE. J. J. Sandoval, H. Krishnamoorthy, P. Enjeti, and S. Choi, “Reduced Active Switch 
Front End Multi-pulse Rectifier with Medium Frequency Transformer” in IEEE Transactions on 
Power Electronics, vol.PP.no.99, pp.1-1. 
2. ©2015 IEEE. J. J. Sandoval, H. Krishnamoorthy, P. Enjeti, and S. Choi, “High power density 
adjustable speed drive topology with medium frequency transformer isolation,” 2015 IEEE 
Energy Conversion Congress and Exposition (ECCE), Montreal, QC, 2015. pp. 6986-6992. 
3. ©2016 IEEE. J. J. Sandoval, T. Kang, and P. Enjeti, “Reduced active switch AC to DC rectifier 
with high frequency isolation for electric vehicle chargers,” 2016 IEEE Applied Power 
Electronics Conference and Exposition (APEC), Long Beach, CA, 2016. Pp. 3545-3552. 
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2.1 Introduction 
Multi-pulse rectifier systems are used in a wide variety of applications in the 
industry [39, 40]. Both isolated and non-isolated transformer configured multi-pulse 
rectifier systems have been in use [25, 26, 41, 42]. The primary advantage of multi-pulse 
rectifier systems is high quality dc-output voltage with simultaneous elimination of low 
frequency harmonic currents at the input utility terminals. In particular, 12-pulse and 18-
pulse rectifier systems result in input current THD less than 16%, thereby facilitating 
compliance with IEEE 519 harmonic current limits. Much of these systems employ low 
frequency (50/60 Hz) magnetics that contribute to size/weight/volume particularly in 
high power applications.   The typical 12-pulse rectifier system with line frequency 
(50/60 Hz) isolation transformer configuration is shown in Figure 1-8. The star-delta 
transformer connection in Figure 1-8 creates a 30
o 
phase shift between the currents 
feeding the diode rectifiers. As a result, low order harmonics such as the 5
th
 and 7
th
 are 
eliminated from the line input current and a better THD is achieved. Nevertheless, such a 
system is large in size/weight with the bulky magnetics being the major limiting factor. 
Reduction in size and weight is achieved with the half-power transformer based 
12-pulse rectifier system as explained in [26]. In this approach, a line frequency 
transformer processing half the power is employed and thus size remains a concern. 
Furthermore, this system is not suitable in applications requiring to step down or step up 
the voltage level [26]. Auto-transformer based multi-pulse rectifier systems are detailed 
in [27, 28, 36, 43]. Reduction in size and weight is achieved due to reduced kVA rating 
of the auto-transformer configuration. Autotransformer rectifier configurations with 
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0.18Po and 0.38Po ratings are reported in [27] and [36], respectively, compared to the 
1.03Po rating of the multi-winding transformer shown in Figure 1-8. However, these 
auto-transformer configurations do not have galvanic isolation and employ 60 Hz 
magnetics.  Thus, the use of line frequency magnetics continues to have a negative 
impact on the size/weight of the rectifier system. 
Modular three-phase power factor correction (PFC) AC to DC rectifier systems 
with high-frequency magnetics are detailed in [34, 35, 44, 45]. Despite the improvement 
in input current quality, these systems employ multiple power conversions and employ a 
high number of semiconductor devices. Furthermore, active PFC schemes require a 
significant sensing effort and are complicated to control. Also, electromagnetic 
interference (EMI) is a concern in these topologies due to their high switching frequency 
operation. 
In contrast, the proposed topology shown in Figure 2-1 seeks to improve over the 
existing 12-pulse AC to DC rectifier systems (isolated and auto-connected) by reducing 
size/weight/volume and improving the performance. The advantages of the proposed 
system architecture are as follows. 
1) The approach employs medium frequency (600Hz) magnetics that is shown to 
improve power density by reducing the size/weight of the system [46, 47]. 
2) The proposed approach employs only two active semiconductor devices. This 
contributes to system simplicity and reduced cost.  
3) The 5th and 7th harmonics are eliminated in the input line current resulting in 
reduction in input current THD. 
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4) The system offers galvanic isolation between the input and output thereby 
minimizing the interference and contributing to safety. 
5) The proposed approach is suitable for applications in ship board / subsea power 
systems,   and offshore drilling rigs where power density, performance and 
simplicity in control are of paramount importance [48, 49].  
6) The secondary side of the MF transformer can be configured to higher pulse 
operation (i.e., 18-pulse as shown in Figure 2-2, and 24-pulse) to further improve 
current quality. This, however, increases transformer design complexity. 
These benefits make the topology suitable for operation up to 480V three-phase 
systems for powering loads up to 300 kW. The paper details the analysis and design of 
the proposed multi-pulse rectifier system along with a design example. Simulation and 
experimental results are discussed on a scale-down laboratory prototype. 
  
2.2 Proposed Front-End Rectifier with Medium Frequency Transformer Isolation  
The proposed system employing MF isolation with a multi-winding transformer 
is shown in Figure 2-1. The analysis and operation of the proposed topology is detailed 
in this sub-section. 
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Figure ‎2-1: Proposed 12-pulse AC-DC rectifier system with medium frequency transformer 
isolation employing two active switches. An example adjustable speed drive system is shown at the 
output. 
 
 
 
Figure ‎2-2: The topology in Figure 2-1 extended to 18-pulse configuration. This configuration 
requires three additional windings in the secondary side of the MF transformer. 
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2.2.1 Diode Rectifiers with Clamp Circuit 
This part of the system is composed of two three-phase diode rectifiers, each 
connected to a high voltage active switch (S1/S2) and a clamp circuit, which consist of a 
capacitor and a bleeding resistor (Figure 2-1). The creation of the three-phase AC link 
across the transformer windings is achieved by switching S1 and S2  complementarily 
with 50% duty cycle as first described in [50] and as shown in Figure 2-3 (a), (b). The 
overall switching function for 50% duty cycle is shown in Figure 2-3 (c). The primary 
windings of the zig-zag transformer can be divided into two sets that are 180° phase 
shifted in magnetic coupling, namely windings (Wa1, Wb1, Wc1) and windings (Wa2, Wb2, 
Wc2). As shown in Figure 2-1, the center tap of each primary winding is connected to the 
utility grid. In addition, the switching terminals of windings (Wa1, Wb1, Wc1) are 
connected to a diode rectifier whose output is in turn connected to S1. Similarly, the 
switching terminals of windings (Wa2, Wb2, Wc2) are connected to a diode rectifier 
whose output is in turn connected to S2. 
Figure 2-4 shows the behavior of the diode rectifier with clamp circuit and the 
primary side windings when S1 is ON and S2 is OFF. The switching terminals of 
windings (Wa1, Wb1, Wc1) are shorted through the diode rectifier while the switching 
terminals of windings (Wa2, Wb2, Wc2) are open. In essence, the switching terminals of 
windings (Wa1, Wb1, Wc1) are shorted to the utility’s neutral point. Therefore, at this 
instant, the line-to-neutral voltages Van, Vbn, and Vcn appear across windings Wa1, Wb1, 
and  Wc1 respectively. The voltages across windings (Wa2, Wb2, Wc2) have opposite 
polarity compared to the voltages across windings  (Wa1, Wb1, Wc1) because they are 
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180° in magnetic coupling. Meanwhile, the induced voltages on the secondary side have 
the same polarity as the voltages across windings (Wa1, Wb1, Wc1). 
 
 
Figure ‎2-3: (a) Gating function for S1 with D=0.5; (b) Gating function for S2  with D=0.5; (c) Overall 
system switching function; (d) Van, input line-to-neutral voltage; (e) Medium frequency AC link is 
the multiplication of Ssw and Van created by switching S1 and S2 complementarily with 50% duty 
cycle. 
 
When S1 is gated OFF and S2 is gated ON, the switching terminals of windings 
(Wa1, Wb1, Wc1) are open while the switching terminals of windings (Wa2, Wb2, Wc2) are 
shorted and are at the same potential as the utility’s neutral point as shown in Figure 2-5. 
At this instant, the line-to-neutral voltages Van, Vbn, and Vcn appear across windings Wa2, 
Wb2, and  Wc2 respectively. The induced voltages on the secondary side and the voltages 
across windings (Wa1, Wb1, Wc1) have opposite polarity compared to the utility grid line-
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to-neutral voltages. The voltage polarity across each winding changes as S1 and S2 are 
switched. Therefore, by switching S1 and S2 at MF a three-phase MF AC link is created.  
 
 
Figure ‎2-4: Operation when S1 is gated ON and S2 is gated OFF. The switching terminals of Wa1, 
Wb1, Wc1 are neutrally connected while the switching terminals of Wa2, Wb2, Wc2 are open. 
 
The three-phase AC link is simply a multiplication of the line-to-neutral voltages 
with a square wave switching function. Figure 2-3(e) shows the mathematical AC 
voltage across winding Wa1 when the system operates at 50% duty cycle. With a line-to-
neutral voltage as in (2.1) and a square wave switching function described by (2.2), the 
resulting voltage across the transformer winding Wa1 can be expressed as in (2.3). It is 
evident that the frequency of the square wave switching function determines the 
fundamental frequency of the AC link created across the two sets of windings. The 
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voltages across windings Wb1 and Wc1 have a similar expression as in (2.3) but are 120° 
and 240° phase shifted respectively. The expression at (2.3) is valid for 50% duty cycle 
operation. 
 
 
Figure ‎2-5: Operation when S1 is gated OFF and S2 is gated ON. The switching terminals of Wa2, 
Wb2, Wc2 are neutrally connected while the switching terminals of Wa1, Wb1, Wc1 are open. 
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When the switching terminals of windings (Wa1, Wb1, Wc1) or (Wa2, Wb2, Wc2) 
are open, the clamp circuit provides a path for the energy stored in the leakage 
inductance of the windings. For example, when S1 is OFF, the energy stored in the 
leakage inductance of windings (Wa1, Wb1, Wc1) is transferred to the capacitor which 
clamps to the highest line-to-line voltage. Furthermore, in order to avoid overlap 
(instances in which both S1 and S2 are ON) a dead time between S1 and S2 is necessary. 
During this dead time the clamp circuit also provides a path for the energy stored in the 
leakage inductance of the windings. The energy stored in the capacitor can be used to 
power a switch mode power supply (SMPS). This SMPS can power gate drive circuitry. 
2.2.2 Medium Frequency Multi-Winding Transformer 
 The switching frequency of S1 and S2 determines the operating frequency of the 
transformer. The well-known trade-off between power density and efficiency must be 
considered when selecting the switching frequency.  Operating at MF (600 Hz -1000 Hz) 
enables the transformer to be reduced in size and provides a good efficiency trade-off 
especially in high power applications [46]. Increasing the switching frequency to the 
kHz range increases transformer core loss and switching losses. Furthermore, operating 
in the kHz range increases the input EMI and introduces the need for additional EMI 
filtering at the input [36]. Thus, the transformer is designed to operate at 600 Hz. 
  Selection of the appropriate magnetic materials is also critical to achieve high 
power density. For high power MF applications, magnetic core materials such as ferrite, 
amorphous, and silicon steel should be considered [24]. Due to its high saturation flux 
density and relative low cost [51], a silicon steel core material was selected to build the 
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MF transformer for the scaled down laboratory prototype. The transformer can be built 
using three single-phase multi-winding transformers, or it can be a single three-phase 
multi-winding transformer. To achieve a more compact design, a single five-limb 
transformer is employed for isolation. The primary and secondary windings are wound 
around the interior three limbs of the transformer as depicted in Figure 2-6. The exterior 
limbs can carry any unbalanced flux in the transformer avoiding core saturation [52]. 
 
 
Figure ‎2-6: Multi-winding three-phase, five-limb transformer. 
 
 Generally, in 12-pulse applications a star-delta winding connection is used in the 
secondary side to generate a net 30
o 
phase difference. However, the leakage inductances 
of the terminals feeding the diode bridge rectifiers are not equal because the turns-ratio 
is different in the star-delta connected windings. This issue leads to unequal current 
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sharing between the diode bridges [27]. To mitigate this problem, the secondary side of 
the MF transformer in the proposed system is connected in zig-zag. With zig-zag 
arrangement the leakage inductances on the secondary side are balanced because the 
turns-ratio of the windings per phase is the same. 
The MF transformer consists of two zig-zag connections on the secondary side, 
each creating a set of three-phase voltages that feed the output six-pulse rectifiers. The 
two sets of three-phase voltages have a net phase shift of 30° with respect to each other 
to achieve 12-pulse operation. One of the zig-zag connections creates a set of three-
phase voltages with a +15° phase difference with respect to the primary side voltages. In 
a similar manner, the second zig-zag connection creates a set of three-phase voltages 
with a -15° phase difference with respect to the primary side voltages. A phasor diagram 
of the primary windings and the secondary windings is shown in Figure 2-7. The 
primary side in Figure 2-7 shows the line-to-line voltages forming an equilateral triangle 
with phasor Van being the reference as expressed in (2.4). The phasor expressions for Vbn, 
Vcn, Vab, Vbc, and Vca are given by (2.5-2.9) respectively. 
 
  01anV         (2.4)   1201bnV    (2.5)   1201cnV               (2.6) 
 303abV    (2.7)   903bcV   (2.8)  1503caV               (2.9) 
 
In the secondary side of Figure 2-7, there are two zig-zag connections with the 
respective ±15° phase shift. In order to achieve the desired phase shift in the zig-zag 
connected windings, the turns-ratio of the windings must be set properly. The turns-ratio 
of the windings correspond to the magnitudes of the solid-phasors in Figure 2-7 and can 
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be obtained by performing phasor operations.  For example, the phasor Vas has a -15° 
phase shift with respect to phasor Van and is obtained by adding a positive portion of Van 
and a negative portion of Vcn as expressed in (2.10). Similarly, (2.11) shows the relation 
to obtain phasor Vat. The magnitudes of Vas, Vbs, Vcs, are set so that the line-to-line 
voltages on the secondary side (i.e Vabs, Vbcs, Vcas) are equal in magnitude to primary side 
line-to-line voltages. Thus, the dashed-phasors Vabs, Vbcs, Vcas form an equilateral triangle 
whose vertices are shifted by -15° with respect to the triangle in the primary side. 
Similarly, the phasors Vabt, Vbct, Vcat form an equilateral triangle whose vertices are 
shifted by +15° with respect to the triangle in the primary side. 
 
  1511200 2121 sscnsansas NNVNVNV    (2.10) 
  1511200 4343 ssbnsansat NNVNVNV    (2.11) 
 
Each solid phasor in Figure 2-7 corresponds to a secondary side winding. Thus, 
the core will have four windings per phase. The turns-ratio of these windings can be 
found by solving (2.10) and (2.11). Breaking (2.10) and (2.11) into its real and 
imaginary components yields two systems of two equations and two unknowns and 
solving them gives the desired turns-ratio as expressed in (2.12). Figure 2-8 shows the 
interconnection between the secondary windings to achieve the zig-zag connection along 
with the turns-ratio. 
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Figure ‎2-7: Phasor diagram to obtain two sets of three-phase voltages in the secondary side with a 
net 30° phase shift. 
 
 
Figure ‎2-8: Zig-zag connection of secondary windings. Interior limbs of three-phase transformer, 
each limb has four secondary windings. 
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2.2.3 12-Pulse Diode Rectifier 
Two sets of three-phase MF voltages with a net 30
o 
phase difference are created 
with the zig-zag arrangement. Each set is fed to a six-pulse diode rectifier achieving 12-
pulse rectification. The operation of the bridge rectifiers is similar to the conventional 
line frequency 12-pulse configuration. The main difference is that the diodes should be 
able to switch at the operating switching frequency. 
2.2.4 Output Voltage Analysis  
The output voltage produced by the 12-pulse diode rectifier is the sum of 
voltages Vrec1 and Vrec2 and is described by (2.13), where Vrec1 and Vrec2 are the 
individual voltages produced by the individual six-pulse diode rectifiers. 
 
      tVtVtV srecsrecspulse  2112      (2.13) 
 The voltage Vrec1 is given by (2.14). The voltages Vans, Vbns, and Vcns represent the 
secondary side line-to-neutral voltages of the zig-zag windings creating a -15° phase 
shift. These secondary side voltages are expressed in equations (2.15-2.17) respectively 
assuming ideal conditions (i.e. no voltage drops in the semiconductor devices in the 
primary side). In these equations Ssw refers to the square wave switching function 
described by (2.2). The term Sd refers to the quasi-square wave switching function of six-
pulse diode rectifiers and is given by (2.18). 
 
   swcnsswbnsswanssrec SVSVSVtV 1      (2.14) 
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Substituting equations (2.15-2.18) into equation (2.14) yields: 
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It is worth noting that for 50% duty cycle operation the term swsw SS   yields a 
constant one. Simplifying the terms inside the brackets of (2.19) yield an output voltage 
Vrec1 given by (2.20). From inspection, it is observed that Vrec1 contains a DC term with 
some AC ripple riding on it.  
     ...)12cos(014.06sin057.01
23
1 

 tt
V
tV ss
LL
srec 

    (2.20) 
In a similar manner, the voltage Vrec2 is given by (2.21).  However, the voltages 
Vats, Vbts, and Vcts represent the secondary side line-to-neutral voltages of the zig-zag 
windings creating a +15° phase shift. The +15° phase shift is evident from equations 
(2.22-2.24). 
   swctsswbtsswatssrec SVSVSVtV 2     (2.21) 
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Substituting equations (2.22-2.24) into equation (2.21) yields the relation given 
by (2.25). Simplification of (2.25) and assuming 50% duty cycle yields an output voltage 
Vrec2 given by (2.26). Substituting equations (2.20) and (2.26) into (2.13) gives the total 
output voltage produced by the 12-pulse diode rectifier and can be calculated by (2.27). 
It is observed that the total output voltage contains a DC component and an AC ripple 
whose frequency is twelve times the utility line frequency. This expression is the same 
as the conventional line-frequency 12-pulse configuration.   
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2.2.5 Input Current Analysis 
By virtue of the net 30
 o 
phase shift given by the zig-zag arrangement in the 
secondary side, the 5
th
, 7
th
, 17
th
, 19
th
, etc. harmonics are eliminated in the utility line 
currents. Mathematical analysis is provided for the line current in phase “a” through 
Fourier series and under the assumption of negligible ripple in the output DC current Id. 
Ideally the input current, Ia, divides equally through the center tap windings Wa1 and Wa2 
and can be expressed as: 
 21 wawaa III         (2.28) 
The turns-ratio of the center-tap windings, NP1 and NP2, are the same. Thus, by VA 
balance: 
 443322111211 )( asSasSasSasSaPwawaP INININININIIN    (2.29) 
where NS1, NS2, Ns3, Ns4 are the turns ratio of the secondary windings associated with 
phase “a” and are determined by (2.10) and (2.11). Similarly, Ias1, Ias2, Ias3, and Ias4 are 
the currents flowing through the secondary windings associated with phase “a”; these 
currents can be expressed in terms of the currents flowing through the output six-pulse 
diode rectifiers as follows: 
 Bas II _1sec1        (2.30) 
 Aas II _1sec2         (2.31) 
 Cas II _2sec3         (2.32) 
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 Aas II _2sec4         (2.33) 
Similarly, the currents flowing through the output six-pulse diode rectifiers can be 
expressed as: 
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The -15
 o 
and +15
 o 
phase shift is evident from (2.34) and (2.36) respectively. Idiode 
corresponds to the quasi-square wave nature of the current in six-pulse rectifiers and is 
expressed as:  
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where Id is the output current and is assumed to be purely DC. Thus, the input current Ia 
becomes: 
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 44 
 
The switching function, Ssw, is a square wave with duty cycle 0.5. Thus, squaring 
this function yields a constant one. After simplification, (2.39) becomes (2.40): 
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From (2.40) it is observed that harmonics 5
th
, 7
th
, 17
th
, and 19
th
 are eliminated as 
in conventional 12-pulse operation. This analysis demonstrates that the proposed front-
end rectifier system with MF isolation can be a retrofit replacement of bulky line 
frequency transformers in conventional 12-pulse systems. The input current performance 
is maintained while improving power density with a reduced active switch count and 
simple modulation scheme. The theoretical THD value of the input current (16%) is the 
same as in the conventional 12-pulse rectifier. To improve the current performance, an 
input passive filter must be included as shown in Figure 2-1. Since the line input current 
in the proposed system has identical harmonic spectrum as the line current in the 
conventional 12-pulse rectifier, the requirements of the passive filter in terms of size 
remain the same. 
2.2.5.1 Effect of Output Current Ripple in Utility Line Input Current 
 The assumption of having a purely dc output current Id requires a large output 
inductor. In practice, the output current Id has a DC component and an AC current ripple 
riding on it. Thus, the effect of this AC current ripple on the utility line input current is 
studied. The analysis is done for 50% duty cycle. The equations (2.28)-(2.29) remain 
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valid. The main difference in this analysis is that now the output DC current Id is now 
expressed as in (2.41), where Idc is the output DC component, Ix is the magnitude of the 
AC ripple (usually 2-5%) and k is an integer which determines the frequency of the ac 
ripple as a multiple of the line frequency ωs. For a 12-pulse rectifier output, k = 12.  
  tkIII sxdcd sin      (2.41) 
 The AC ripple on the inductor current is also present in the current flowing 
through the output 12-pulse diode rectifier. Therefore, equation (2.38) is rewritten as in 
(2.42). Equation (2.42) and (2.30)-(2.37) are then used in (2.29) to find an expression for 
the utility input current Ia. After simplification, Ia becomes (2.43). 
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 From (2.43), it can be observed that the ripple component is also present in the 
utility input current. This implies that the AC ripple affects the THD of the input current. 
For the 12-pulse rectifier case, the AC ripple increases the magnitude of the dominant 
harmonics (i.e. 11
th
, 13
th
, etc.) in the utility current but does not introduce lower order 
harmonics (i.e. 3
rd
, 5
th
, 7
th
).  
2.2.6 Passive Components 
As stated in sub-section 2.2.4, the input filter requirements for the proposed 
topology are the same compared to the conventional line frequency 12-pulse rectifier. 
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The input filter must be designed to attenuate the 11
th
 and 13
th
 current harmonics. 
Therefore, the input filter must have a cutoff frequency of 500 Hz to accommodate a line 
frequency of 50/60 Hz. 
The output filter design of the proposed topology is dictated by the load 
requirements. The output voltage of the 12-pulse diode rectifier in the proposed scheme 
is given by (2.27). This voltage has a DC component an AC voltage component. The AC 
voltage component appears across the output inductor Lout and creates an AC current 
component as calculated by (2.44). Since a DC current is desired at the output, the AC 
current component must flow through Cout creating a voltage ripple described by (2.45). 
A voltage ripple factor RFV (typically 1-5%) can be defined as in (2.46). From these 
equations and from the DC component, the value for Cout is found and calculated by 
(2.47).  Upon analyzing the current through the output inductor Lout, the minimum 
required inductance required for continuous conduction is given by (2.48). Typically, an 
output inductor value of 0.05 per unit gives a good performance in terms of input current 
THD. 
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2.2.7 Modulation and Control Scheme 
A major advantage of the proposed system is that no closed loop control is 
required because the topology intends to replicate the performance of a conventional line 
frequency transformer. Therefore, no sensing is required in the proposed scheme. Thus 
the topology would operate at fixed 50% duty cycle operation. Operation at 50% duty 
cycle provides the maximum MF AC link rms voltage. 
If output voltage regulation is desired, the proposed system can operate with 
simple variable duty cycle operation. The duty cycle D can be varied theoretically from 
0-50%. If the duty cycle is increased beyond 50%, short circuits occur across the 
transformer windings. The gating functions of S1 and S2 at variable duty cycle are shown 
in Figure 2-9(a), (b). It is evident that the gating functions are shifted by 180° with 
respect to each other. The resulting overall switching function is the subtraction of S1 
and S2 and is shown in Figure 2-9(c).  At duty cycles less than 50%, zero states are 
introduced in the MF AC link as depicted in Figure 2-9(e). These zero states would 
decrease the overall output DC voltage. Thus, by controlling the duty cycle the output 
voltage can be regulated.  
Under variable duty cycle, the gating function S1 is given by (2.49). The 
expression of the gating function S2 is similar to (2.49) but is shifted by 180°. The 
overall system’s switching function is given by (2.50). When the line-to-neutral input 
voltage described by (2.1) is multiplied to Ssw, the resulting voltage across winding Wa1 
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is given by (2.51). From (2.51), it can be noted that the rms voltage across the 
transformer windings depends on the duty cycle D. 
 
 
Figure ‎2-9: (a) Gating function for S1 for variable duty cycle; (b) Gating function for S2, it is 180° 
phase shifted compared to S1; (c) Ssw, overall system switching function; (d) Van, input line-to-
neutral voltage; (e) MF AC Link is the multiplication of Ssw and Van. 
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The output voltage is controlled using a simple proportional plus integral (PI) 
controller as shown in Figure 2-10. The output DC voltage must be sensed and compared 
to a reference voltage. The PI controller determines the duty cycle based on the error 
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signal. The switching controller then creates the appropriate gating signals for S1 and S2. 
A disadvantage of doing voltage regulation is that low order harmonics are introduced to 
the utility input current as D is varied. This occurs because the switching frequency (i.e. 
600 Hz) is close to the 11
th
 and 13
th
 current harmonics. When D is not equal to 0.5, the 
term swsw SS   does not equal unity. Instead, components at twice the switching frequency 
(i.e. 1200 Hz) are created and interact with the 11
th
 and 13
th
 current harmonics producing 
lower order current harmonics such as the 7
th
. Thus, this topology is not well suited for 
applications requiring voltage regulation. This problem, however, can be solved by 
switching at HF. 
 
 
Figure ‎2-10: Simple control strategy to regulate the output DC voltage. 
 
2.2.8 Design Example 
A 208 VLL, 10 kW design example is considered to demonstrate the operation of 
the proposed front-end rectifier system in Figure 2-1. The output DC voltage is 
calculated is the DC component of equation (2.27) and thus becomes: 
 V. 561V2
6
V  LLdc

      (2.52) 
For a 10 kW load, the output current Id becomes: 
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I      (2.53) 
The volt-ampere (VA) rating of the multi-winding MF transformer can be 
calculated using the rms voltage and rms current of each winding under the assumption 
that the output current Id has negligible ripple. Ideally, the rms value of the currents 
flowing through the secondary windings is: 
 A. 5.14
3
2
 das II      (2.54) 
Similarly, the rms value of the current following through the primary windings is:  
 A. 76.1911.11  dwa II       (2.55) 
The rms value of the voltage across the primary windings is: 
 V. 120V214.0V577.0
3
V
1  dcLL
LL
waV    (2.56) 
The rms voltage across the windings with turns-ratio Ns1 is: 
 V. 2.98V175.0V47.0
3
V
3
2
1  dcLL
LL
sV    (2.57) 
Similarly, the rms voltage across the windings with turns-ratio Ns2 is: 
 V. 9.35V064.0V17.0
3
V
6
13
2 

 dcLL
LL
sV    (2.58) 
Then the sum total of the volt-ampere product of the MF transformer is: 
 kVA. 5.28V58.2V96.6)(6V6 2111  ddcdLLssaswawatot IIVVIIVA     (2.59) 
Thus, the required equivalent VA rating of the MF transformer is: 
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 kVA. 9.1229.1V29.1
2
1
 oddctoteq PIVAVA    (2.60) 
 Although the VA rating of the proposed transformer configuration is slightly 
higher than the conventional 12-pulse isolation transformer (1.03Po), the proposed 
transformer configuration does not carry the line frequency component. Instead, the 
transformer operates at MF enabling a size reduction. 
 The ratings of the semiconductor devices employed in the proposed scheme are 
listed in Table 2-1. The voltage ratings are normalized with respect to the line-to-line 
voltage VLL, while the current ratings are normalized with respect to the output current Id. 
The peak voltage of the active semiconductor devices S1/S2 is 2.83 p.u. Thus, switching 
devices rated for 600V are required. This rating places a limitation in terms of input 
voltage. For example, if the utility grid is 690Vl-l, the active switching devices must have 
a rating of approximately 2kV. Such a device could be expensive. Thus, it is 
recommended to operate this topology with input voltages up to 480Vl-l. To calculate the 
peak current rating of the high voltage switches a power factor of 0.985 is used. This 
power factor value is expected because the input current has 12-pulse performance. 
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Table ‎2-1: Component rating for semiconductor devices 
Component 
 
Parameter 
 
Expression 
 
P.U. Value 
Design 
Value (10 
kW) 
Active switch 
(S1/S2) 
peak voltage 
LLV22  2.83 588 V 
peak current 
dI
pf
34

 2.24 40 A 
rms current 1.5Id 1.5 26.7 A 
Diode clamp 
circuit 
peak voltage 
LLV22  2.83 588 V 
peak current 
dI
pf
34

 2.24 40 A 
rms current 0.8Id 0.8 14 A 
12-Pulse Diode 
Rectifier 
peak voltage 
LLV2  1.414 294 V 
peak current Id 1 17.8 A 
rms current 






4
1
12
2 

dI  0.57 10.1 A 
 
Figure 2-1 depicts the diode clamp circuit with a clamping capacitor Ccl and a 
lossy resistor Rcl. This clamping circuit is necessary to provide a path for the energy 
stored in the leakage inductance of the transformer. The capacitor clamps to the peak 
voltage of the active semiconductor device. In this design example, it is desired to 
maintain the associated power losses of the resistor to 0.003Po. The value of Ccl is then 
calculated as follows: 
 F3.0
003.02
2



sqrcl
o
cl
fV
P
C      (2.61) 
 Since Rcl is in parallel to the clamping capacitor, Rcl is calculated as: 
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  k
P
V
R
o
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2
     (2.62) 
 
2.3 Simulation Results 
 The proposed topology in Figure 2-1 was simulated to verify its functionality. 
The electrical performance of the topology was simulated in PSIM while the magnetic 
behavior of the MF zig-zag transformer was simulated using Ansys Maxwell Finite 
Element Analysis (FEA) software. 
2.3.1 Simulations in PSIM 
The parameters in Table 2-2 were used for simulation in PSIM. The simulations 
were performed without an input LC filter to compare with a conventional 12-pulse 
rectifier. Adding a passive filter with Lf = 1.7 mH (0.13 p.u) and Cf = 140 μF results in a 
line current with THD <5 % and a system power factor >0.98. The three-phase multi-
winding MF transformer used in PSIM is close to an ideal transformer model. 
 
Table ‎2-2: Specifications and operating conditions for the system in Figure 2-1. 
Grid voltage (line-to-line rms) 208 V 
Grid frequency 50 Hz 
Rectifier output voltage 560 Vdc 
Rated power 10 kW  
Switching frequency (fsqr) 600 Hz 
Clamping capacitor (Ccl) 10 μF 
Clamping resistor (Rcl) 5 kΩ 
Output Inductor (Lout) 2 mH 
Output Capacitor (Cout) 200 μF 
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  As stated in subsection 2.2.1, a three-phase MF AC link is created across the 
transformer windings by switching S1 and S2 complementarily. The three-phase MF AC 
link can be observed in Figure 2-11(a); it is evident that the voltages across the windings 
(Wa1, Wb1, Wc1) are displaced by 120° from each other. The voltages across the windings 
(Wa2, Wb1, Wc2) are also a set of three-phase voltages with 120° phase shift; but they are 
opposite in polarity with respect to the voltages across the first set of windings. Figure 2-
11(b) shows the line-to-line voltages (Vabs, Vabt) which feed the 12-pulse diode rectifier. 
The voltages are 30° phase shifted, with respect to each other, as in conventional 12-
pulse operation. The input currents of the diode rectifiers Isec1_A and Isec2_A in Figure 2-
11(c) also demonstrate the 30° phase shift.   
The fast Fourier transform (FFT) of the voltage across winding Wa1 confirms MF 
operation as shown in Figure 2-12. The fundamental voltage frequency occurs at 600±50 
Hz; this enables the use of MF transformers thereby reducing the weight/size of the 
system [47]. The output DC voltage and the individual rectified voltages Vrec1 and Vrec2 
are depicted in Figure 2-13. The 30° phase shift is also noticeable in the individual 
rectified voltages ensuring 12-pulse operation. The current through the primary winding 
Wa1 is shown in Figure 2-14(a) and the voltage across the active device S1 is given in 
Figure 2-14(b). When S1 is ON, there is current flowing through the primary winding 
and the voltage drop across the device is ideally zero. When S1 is OFF, the current 
through the primary winding is zero as expected and the peak voltage across the device 
is 588V as calculated in the design example. 
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Fig. 2-15(a) shows the input current for phase “a”; 12-pulse operation can be 
observed in the input current. The simulated THD is 16%. The FFT of the line current is 
shown in Figure 2-15(b); the dominant harmonics are 11
th
 and 13
th
 as in conventional 
12-pulse configuration. This is in agreement with the input current analysis and 
demonstrates that the proposed topology can be a retrofit replacement of the bulky line 
frequency multi-winding transformer in conventional 12-pulse systems. 
 
 
Figure ‎2-11: (a) Transformer winding voltage due to 50% duty cycle operation of S1 and S2 at 
600Hz. Note the voltages across windings Wa1, Wb1, Wc1 are displaced by 120°; (b) Line-to-line 
voltages Vabs and Vabt are 30° phase shifted. (c) Rectifier input currents on the secondary side of the 
transformer. 
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Figure ‎2-12: FFT of the voltage across transformer winding Wa1. Fundamental frequency of 
operation is 600±50 Hz enabling the use of MF transformers. Other components appear at 3fsqr ± 50 
Hz. 
 
 
Figure ‎2-13: DC output voltage at 560V. Individual rectified voltages have 30° phase shift as in 
conventional 12-pulse operation. 
 
 
Figure ‎2-14: (a) Iwa1 is the current through one of the center-tap primary windings. Simulated rms 
current is 20A as expected. (b) Voltage across the active device S1. When the device is in the OFF 
state the peak voltage is 588V. 
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Figure ‎2-15: (a)‎Input‎line‎current‎for‎phase‎“a”; 12-pulse operation is evident. (b) FFT of the input 
current verifies 12-pulse operation. Note: the dominant harmonics are 11
th
 and 13
th
 (550 Hz and 650 
Hz). Simulated THD of the current is 16%. 
 
2.3.2 Simulations in Ansys Maxwell FEA Software 
In addition to the simulations in PSIM, the magnetic behavior of the proposed 
MF transformer was simulated using Ansys Maxwell finite element analysis (FEA) 
software. The primary windings of the modelled transformer were excited using the 
voltage expression derived in (2.3). The material of the core was selected to be M19 
silicon steel which has a saturation flux density of 1.4 T at MF. A plot of the magnetic 
field density for a 2D simulation of the proposed transformer is given in Figure 2-16. 
From the simulation, it is shown that the flux density is higher in the interior three-limbs 
of the transformer as expected. The core of the transformer is shown to operate at 0.8 T 
which is below the saturation region. In Figure 2-17, the corresponding magnetic flux 
lines plot is presented. The flux lines also concentrate along the interior three-limbs of 
the transformer. Using the M19 core loss data at 600 Hz, the FEA software is used to 
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simulate the core losses of the MF transformer. The simulated core losses shown in 
Figure 2-18 are compared with the actual losses to evaluate the efficiency of the 
proposed topology as discussed in the next section. 
 
 
Figure ‎2-16: Magnetic field density plot of the proposed 5-limb, three-phase transformer when 
excited with a MF AC link. The 2D dimensions of the transformer are (34 cm X 24 cm). The model 
has a depth of 5cm. 
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Figure ‎2-17: Magnetic flux lines of the proposed 5-limb, three-phase transformer when excited with 
a MF AC link. The flux lines concentrate in the interior three limbs of the transformer. 
 
 
Figure ‎2-18: Simulated core losses using FEA software. The average core loss is 69 W. 
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2.4 Efficiency Analysis of Multi-Pulse AC-DC Conversion Stage 
The efficiency of the proposed reduced active switch multi-pulse rectifier can be 
calculated by analyzing switching and conduction losses, and transformer core and 
winding losses. The switching losses and conduction losses of the two high voltage 
active switches (S1/S2) can be approximated by looking at the switching/conducting 
characteristics of commercially available high voltage IGBTs. The switching loss of the 
IGBTs and diodes is calculated using the turn-on and turn-off energy pulses of the 
device as in (2.63). 
 swoffonlosssw fEEP  )(_         (2.63) 
The IGBT in [53] is selected for this computation. The conduction losses for this 
device can be computed by analyzing conduction forward voltage drop and by observing 
the average current through the device in simulation. The conduction losses of the two 
three-phase diode rectifiers with clamp circuit are calculated using the characteristics of 
the device in [54] and the average current through the diodes. The switching losses for 
these diodes are essentially zero as stated in [54]. The losses for the 12-pulse diode 
rectifier in the secondary side are obtained in similar manner but using the characteristics 
of the device in [55]. Table 2-3 shows the commercial semiconductor devices used for 
the power loss analysis. 
 
Table ‎2-3: Semiconductor devices used for power loss analysis 
System Component Part Number Manufacturer 
S1/S2 IRG4PH50SPbF Infineon 
Diode clamp circuit C4D40120D Cree 
12-pulse diode rectifier C3D20060D Cree 
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From calculation, it is determined that the switching and conduction losses of the 
active switches (S1/S2) account for 18% of the total losses. Similarly, the diode clamp 
circuit accounts for 42% of the system’s losses while the 12-pulse diode rectifier on the 
secondary side accounts for 15% of the losses.   
An estimate of the transformer core losses was obtained using FEA analysis. The 
FEA simulation yields an average core loss of 69 W when the transformer primary 
windings are excited with a three-phase MF AC link. The FEA simulation results were 
experimentally verified through an open circuit test of the MF transformer. Through 
experiments, a core loss of 80 W was obtained. The difference between the simulated 
and tested core losses occurs because the FEA model cannot account for all physical 
effects in a core with laminations [56]. The total transformer losses account for 25% of 
the system’s losses. Using finer grades of steel or amorphous materials would decrease 
the transformer losses but the increase in cost must be considered [46]. The breakdown 
of the system losses is shown in Figure 2-19. Overall, the efficiency of the proposed 
system is calculated to be 96.5%. 
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Figure ‎2-19: System power loss breakdown for a 10 kW design example. The efficiency of the system 
is 96.5%. 
 
2.5 Comparative Evaluation of the Proposed Multi-pulse Rectifier 
In this section, the proposed multi-pulse front-end rectifier is compared with 
other existing schemes. The multi-pulse schemes considered for evaluation include the 
conventional 12-pulse rectifier, the half power 12-pulse rectifier, and two active 
techniques. The results of the comparison are shown in Table 2-4. The proposed scheme 
uses only two active switches reducing the gate drive circuitry allowing for a compact 
system but the active switches must be rated for 2.83VLL. Due to the low number of 
active switches and simple modulation scheme, the proposed scheme has a low 
realization complexity compared to the three-phase modular PFC scheme. Similar to the 
active 12-pulse scheme, the sensing effort and modulation complexity of the proposed 
scheme is low which is attractive in industrial settings. 
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Among the five compared topologies, only in the proposed topology the phase-
shifting transformer (1.29Po) operates at MF with galvanic isolation.  Operating at MF 
enables the power density (W/L) of the proposed phase-shifting transformer to be the 
highest among the topologies employing phase-shifting transformers. Power density is 
defined in (1.3). For power density calculation, the power rating and physical size of the 
transformers/matching inductors reported in [36] were used. The proposed zig-zag MF 
isolation transformer rated at 7 kW has a 1700 W/L power density, which is nearly 3.4 
times larger than the power density of the conventional line frequency 12-pulse 
transformer. Compared to the half power 12-pulse scheme described in [26], the power 
density of the proposed transformer configuration is nearly seven times larger. Similarly, 
compared to the active 12-pulse scheme in [36] the power density of the proposed 
transformer configuration is about 4.8 times larger. This advantage in power density 
makes the proposed topology very attractive in applications where size is a constraint 
and isolation is required. 
In addition, the volume of the proposed MF transformer is compared to the 
volume of a line frequency transformer through Ansys Maxwell FEA modeling. Two 
three-phase transformers, one operating at line frequency and the other at MF frequency, 
were modeled for the same output load (7 kW) input voltage (208 Vl-l), and efficiency 
(~98%) requirements. Also, the same M19 silicon steel core material was considered for 
comparison. Considering the B-H curves of the M19 material at different operating 
frequencies, a peak flux density of 1.6 T with 105 primary turns was used for the line 
frequency transformer design while a peak flux density of 0.8T with 68 primary turns 
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was used for the MF transformer design. A comparison of the size between the three-
phase line-frequency transformer and the three-phase MF transformer is shown in Figure 
2-20. For the same output load, input voltage, and transformer efficiency requirements 
the line frequency transformer has a volume of 13.8 L (51 cm x 36 cm x 7.5 cm) while 
the MF transformer has a volume of 4 L (34 cm x 24 cm x 5 cm). Thus, the volume of 
the MF three-phase transformer is 30% of the volume of the line frequency transformer.  
 
Table ‎2-4: Comparative evaluation of proposed rectifier with other schemes 
Topologies 
Conventional 
12-Pulse 
Half Power 
12-Pulse      
 Active      
12-Pulse [36]         
Three 
single-phase 
PFC 
Proposed 
Configuration ac-dc ac-dc ac-dc-dc ac-dc-dc-dc ac-ac-dc 
No. of 
active 
switches                 
front-end ------ ------ ------ 3 2 
dc-dc ------ ------ 4 12  ------ 
Total ------ ------ 4 15 2 
Galvanic Isolation Yes No No Yes Yes 
Sensing effort &                       
modulation 
complexity 
None Low Low High Low 
Phase-Shifting 
Transformer VA 
rating (operation 
frequency) 
1.03Po               
(line 
frequency) 
0.5Po               
(line 
frequency) 
0.38Po                
(line 
frequency) 
------ 
1.29Po             
(medium 
frequency) 
Power Density of 
Phase-Shifting 
transformer (Output 
Watts/Liter) 
507 252* 352* ------ 1700 
*The volume for these topologies was obtained using the physical size of the phase-shifting transformer 
and the size of the matching inductors reported in [36]. 
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Figure ‎2-20: Size comparison of three-phase transformers. Line frequency transformer (left) has a 
volume of 13.8 L while the medium frequency transformer (right) has a volume of 4.1 L. 
 
 
2.6 Experimental Results 
In order to validate the proposed topology a scaled-down laboratory prototype 
rated at 3.15 kW is built and tested. The input three-phase line-to-line voltage is 208Vrms 
with fundamental frequency of 50 Hz. A small input passive filter with Lf =100 μH was 
used. The switching frequency of the active devices, namely S1 and S2, is set to 600 Hz. 
The clamp circuit is composed of a film capacitor Ccl =10 μF and Rcl =10 kΩ. The gate 
drive signals for the active devices are generated using a Texas Instruments 
microcontroller. Within the microcontroller, a dead time of 2µs is assigned to the gating 
signals of S1 and S2 to avoid overlap operation. The zig-zag MF transformer is designed 
to operate at the desired switching frequency and is built using silicon steel material. 
Figure 2-21 shows an image of the zig-zag transformer.  
The experimental results are shown to be similar to simulation results. Figure 2-
22 shows the three-phase MF AC link across windings Wa1, Wb1, and Wc1. It is evident 
that the set of 3 phase voltages are displaced by 120° (6.67 ms) from each other. 
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Operation at MF is confirmed from Figure 2-23. The FFT of the voltage Vwa1 shows 
fundamental components at 550 Hz and 650 Hz enabling the transformer to operate at 
MF. From Figure 2-24, 12-pulse operation is observed; the secondary side voltages Vabs 
and Vabt show a net 30° phase shift (1.67 ms) with respect to each other. This figure also 
shows a smooth DC output voltage as in 12-pulse operation. Similarly, the 30° phase 
shift is evident from the currents feeding the 12-pulse diode rectifiers in the secondary 
side as shown in Figure 2-25. To further validate the operation of the proposed topology, 
the experimental waveform of the current through one of the primary windings, Iwa1 and 
the collector-emitter voltage across active switch S1 is given in Figure 2-26. It can be 
noticed that when the device is turned ON current flows through the primary winding 
Wa1 and when the switch is OFF the current drops to zero as expected. From the 
amplitude of the collector-emitter voltage it can also be noted that the active switches S1 
and S2 must be rated for at least twice the peak of the line-line input voltage. 
 The line input current Ia is shown in Figure 2-27 along with its FFT. The 
frequency spectrum shows that the 5
th
, 7
th
, 17
th
, 19
th
 harmonics have been eliminated 
confirming 12-pulse operation. The measured THD of the current is 17% but can be 
improved with an input passive filter with Lf = 0.13 p.u. The measured 11
th
 and 13
th
 
harmonic of the input current are about 10% and 7% respectively from the fundamental. 
From Figure 2-28, high displacement power factor is shown between the line-to-neutral 
voltage Van and the line input current. Furthermore, Figure 2-28 shows that the effect of 
the switching frequency on the utility voltage is minimal. 
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Figure ‎2-21: Silicon steel core MF three-phase transformer used for experiments. (Dimensions: 32 
cm x 24 cm x 5 cm) 
 
 
Figure ‎2-22: Experimental results. Ch.1: Voltage across winding Wa1; Ch.2: Voltage across winding 
Wb1; Ch.3: Voltage across winding Wc1. Note: voltages are displaced by 120°. 
 68 
 
 
Figure ‎2-23: Experimental results. Ch. 1: Primary side voltage Vwa1; Ch. M: FFT of Vwa1 shows 
fundamental components at 550 Hz and 650 Hz enabling MF operation. 
 
 
Figure ‎2-24: Experimental results. Ch.1: Line-to-line voltage on the secondary side Vabs; Ch.2: Line-
to-line voltage on the secondary side Vabt; Ch.3: DC output voltage. Note: Vabs and Vabt are displaced 
by 30° from each other to achieve 12-pulse rectification. 
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Figure ‎2-25: Experimental results. (Ch.3) Secondary side current Isec1_A; (Ch.4) Secondary side 
current Isec2_A. Note the 30° phase shift between the currents. 
 
 
Figure ‎2-26: Experimental results. (Ch.1) Collector-emitter voltage across active switch S1; (Ch.4) 
Current Iwa1 through primary winding Wa1. 
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Figure ‎2-27: Experimental results. Ch.4: Line input current Ia; Ch. M: FFT of Ia shows dominant 
harmonics to be 11
th
 (550 Hz) and 13
th
 (650 Hz) as in 12-pulse operation.  The 5
th
, 7
th
, 17
th
, and 19
th
 
harmonics are eliminated. The measured THD is 17%.  
 
 
Figure ‎2-28: Experimental results. Ch.1: Utility line-to-neutral voltage Van; Ch.4: Line input current 
Ia. 
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2.7 Conclusion 
This section proposes a reduced switch multi-pulse rectifier with MF transformer 
isolation employing two active semiconductor devices. It has been shown that operating 
at MF of 600 Hz, the transformer size is 1/3 of the equivalent 60 Hz design. A 10 kW 
design example has been shown to achieve 96.5% efficiency. Simulation and 
experimental results on a laboratory prototype demonstrate the 12-pulse operation with 
high input current quality. Overall, the advantages of the system include high power 
density, reduced active switch count, and simple pulse width modulation scheme. 
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3. HIGH DENSITY THREE-PHASE AC-DC RECTIFIER WITH HIGH 
FREQUENCY TRANSFORMER ISOLATION 
 This section presents a simplified three-phase ac to dc rectifier system employing 
high frequency (20 kHz) transformer isolation for high power applications. In the 
proposed scheme, the three-phase utility grid (50/60 Hz) voltage is modulated via 
indirect AC-AC converters. The output of the AC-AC converters is connected to the 
primary windings of a three-phase multi-winding high frequency (HF) ferrite core 
transformer which provides galvanic isolation and desired output voltage range. The 
transformer’s windings on the secondary side are connected in zig-zag fashion to realize 
a 12-pulse rectifier to achieve a high quality dc output voltage with simultaneous 
harmonic free input current at unity input power factor. The DC output voltage of the 
rectifier is adjustable via a simple duty cycle control. Major advantages of the proposed 
approach include: high power density; high input current quality; and simple modulation 
and control scheme to regulate the output DC voltage. The operation of the topology is 
explained through detailed analysis and simulation. Different embodiments of the 
topology are elucidated. Results from a 1 kW downscale laboratory prototype are also 
presented. 
 
3.1 Introduction 
The previous section introduced a push-pull based three-phase AC-DC rectifier 
with medium frequency transformer isolation. By switching the active semiconductor 
devices of the push-pull rectifier at 600 Hz, the transformer volume is reduced by 70% 
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compared to its line frequency transformer counterpart. Despite the great benefits 
provided by this topology, one of the limitations of switching at 600 Hz is that low order 
harmonics are introduced in the input current when the output voltage is regulated. 
Therefore, the push-pull based rectifier is suitable for applications where DC output 
voltage regulation is not needed such as the front-ends of adjustable speed drive systems. 
Another concern is that the two active semiconductor devices in the push-pull based 
rectifier must be rated for twice the line-to-line voltage and thus experience high voltage 
stress. Moreover, the transformer’s power density can be improved even further by 
switching at higher frequencies. 
To address the drawbacks of the push-pull based three-phase rectifier and the 
drawbacks of conventional three-phase rectifier, this section introduces a full-bridge 
based three-phase rectifier with HF (20 kHz) transformer isolation. The advantages of 
the proposed full-bridge based three-phase AC-DC rectifier are as follows. 
1.) The approach uses high frequency (20 kHz) magnetics that is shown to improve 
power density [46] [57]. 
2.) The 5th and 7th harmonics are eliminated in the input line current over a wide 
range of output voltage control thereby resulting in reduction in input current 
THD. 
3.) No electrolytic capacitors are used in the primary side of the system. 
4.) Simplicity in modulation and control scheme. Output voltage is controlled by 
varying the duty cycle of the pulse width modulated signal. 
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5.) The system offers galvanic isolation between the input and output thereby 
minimizing the interference and contributing to safety. 
6.) The secondary side of the HF ferrite core transformer can be configured to higher 
pulse operation (i.e., 18-pulse and 24-pulse) to further improve input current 
quality. 
7.) The proposed system is a modular approach. The modules can be configured to 
create different topology embodiments. 
8.) Improved switch utilization ratio and transformer utilization compared to the 
push-pull based rectifier in section 2. 
These benefits make the proposed full-bridge based three-phase rectifier suitable 
for applications such as electric vehicle charging, telecomm rectifiers, data centers, and 
adjustable speed drives. This section details the analysis and design of the proposed 
system along with a design example. Simulation and experimental results are discussed 
on a scaled-down laboratory prototype. 
 
3.2 Proposed Three-Phase AC-DC Multi-Pulse Rectifier with HF Isolation 
 The proposed three-phase AC-DC rectifier with HF transformer isolation is 
shown in Figure 3-1. The analysis of the topology is divided into the following stages: 1) 
unidirectional AC-AC converter; 2) HF ferrite core transformer; 3) 12-pulse diode 
rectifier; 4) input current analysis, 5) passive filtering; and 6) control scheme. 
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3.2.1 Unidirectional AC-AC Converter 
 As shown in Figure 3-1, the proposed system employs three AC-AC converters, 
one connected to each phase. Each AC-AC converter is composed of a single-phase 
bridge rectifier, a small film capacitor, and a full-bridge inverter built with silicon IGBT 
devices. A total of 12 passive diodes and 12 active semiconductor devices are needed to 
implement the AC-AC converters. The inputs for each AC-AC converter are the utility 
line-to-neutral voltages. In systems where the neutral wire is absent, the AC-AC 
converter inputs can be the line-to-line utility voltages.  
 
 
Figure ‎3-1: Proposed three-phase AC-DC Rectifier with high frequency transformer isolation. 
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The primary functions of the AC-AC converters are to modulate the amplitude of 
the utility line voltage for output voltage regulation and to provide the transformer a 
three-phase HF (20 kHz) AC link. Since the inputs to the AC-AC converters are the 
utility line-to-neutral voltages (Fig.3-2(a)), each single-phase rectifier operates at line 
frequency with a switching function as shown in Fig. 3-2(b). Thus, the diodes switch at 
line frequency with negligible switching loss and produce a pulsating DC voltage across 
the film capacitor as shown in Figure 3-2(c). Since the inputs to each AC-AC converter 
are phase shifted by 120°, as in balanced three-phase operation, the pulsating voltages 
across the film capacitors will also be displaced by 120°. For a utility voltage described 
by (3.1), and a single-phase diode rectifier switching function described by (3.2), the 
resulting pulsating voltage is expressed as in (3.3). In equations (3.1-3.3) ωs is the utility 
line frequency. 
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The modulation of the full-bridge inverters in the AC-AC converters is 
synchronized in such a way that the overall switching function for the three AC-AC 
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converters is the same pure square wave with fundamental frequency of 20 kHz.  The 
switching function for the full-bridge inverter connected to Van is given in Figure 3-2(d), 
while the overall switching function for the three AC-AC converters is shown in Figure 
3-2(e). Under this modulation scheme, the utility voltages are essentially being 
multiplied with the overall HF switching function (Ssw) and thus a HF AC link is created 
at the output of each AC-AC converter as portrayed in Figure 3-2(f). Since the utility 
voltages are displaced by 120° and the three AC-AC converters have the same overall 
switching function (Ssw), the voltages across the transformer windings add to zero 
allowing the magnetic flux to be balanced. The blocking voltage of the semiconductor 
devices in the AC-AC converters must be rated for the peak of the utility-line to-neutral 
voltages.  
The overall switching function Ssw is given by (3.4) and the resulting voltage 
across the transformer winding connected to the AC-AC converter associated with phase 
“a” is given by (3.5). In (3.5), D refers to the duty cycle of the square wave switching 
function and ωsqr corresponds to the frequency of the switching function which is set to 
20 kHz. The voltages across the transformer windings connected to the AC-AC 
converters associated with phase “b” and “c” have the same expression except for a 120° 
phase shift.  By inspecting (3.5) it is noted that the fundamental frequency of the voltage 
across the transformer depend primarily on ωsqr. It is also evident that the three-phase 
HF AC link voltages across the transformer windings are a function of the duty cycle D 
implying that the output DC voltage can be regulated by adjusting the duty cycle of the 
AC-AC converters. At 50% duty cycle operation, the voltage across the transformer 
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windings appears as in Figure 3-2(f). Also the maximum DC output voltage is obtained 
at 50% duty cycle. For duty cycles above 50% short circuit across the pulsating DC 
voltage occurs and should be avoided. For duty cycles below 50%, zero states are 
introduced in the HF AC link voltages and the output DC voltage is decreased. Thus the 
modulation is simple and robust. 
 
 
Figure ‎3-2: (a) Line-to-neutral utility voltage; (b) Single-phase diode rectifier switch function; (c) 
Pulsating DC voltage; (d) Full-bridge inverter switching function; (e) Overall ac-ac converter 
switching function; (f) HF AC link 
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 Although the modulation scheme is simple, the utility line-to-neutral voltages 
must be sensed in order to determine their zero crossing point. From the zero crossing 
point information, the switching function Sda for each single-phase rectifier in the AC-
AC converters can be determined. After obtaining the respective switching functions Sda, 
Sdb, Sdc, the switching functions of each full-bridge inverter, namely Sinva, Sinvb, Sinvc can 
be synchronized to achieve an overall switching function Ssw that is the same for the 
three AC-AC converters.  
3.2.2 HF Ferrite Core Transformer 
 The HF ferrite core transformer plays a crucial role in the power density of the 
proposed topology. The switching frequency of the full-bridge AC-AC converters 
determines the frequency of operation of the transformer. The selection of the switching 
frequency must take into account the tradeoff between power density and efficiency. 
Albeit increasing the frequency of operation reduces the size of the transformer it also 
increases the power loss in the core and the switching devices. The efficiency of the 
system is studied in subsection 3.2.9. It is shown that operating at 20 kHz yields a 
reasonably high efficiency (>94%) and reduces the transformer size by a significant 
amount. Also switching at 20 kHz avoids the human audible noise region and thus the 
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switching action of the proposed system does not disrupt the human ear during 
operation. 
 Selection of the appropriate magnetic core is also essential to achieve high power 
density and high system efficiency. For high power MF applications, magnetic core 
materials such as ferrite, amorphous, and silicon steel should be considered [24]. At the 
desired frequency operation (i.e. 20 kHz) silicon steel cores exhibit significant core 
losses. Therefore a silicon steel core is not suitable for this application. Amorphous and 
ferrite materials exhibit high resistivity in a wide frequency range and are suitable for 20 
kHz operation [58]. Due to its lower cost, a ferrite core material (3C94) is selected for 
the transformer core. 
The transformer built is a three-phase, five-limb transformer.  The transformer is 
built using ferrite blocks to form a core structure as shown in Figure 3-3. The primary 
and secondary windings are wound around the interior three limbs of the transformer. 
The outer limbs carry any unbalanced flux avoiding core saturation [52]. The 
transformer consists of three primary windings, one per phase, and a total of 12 
secondary windings, four secondary windings per phase. As shown in Figure 3-1, the 
secondary side of the transformer feeds a 12-pulse rectifier. For proper 12-pulse 
operation, the two sets of three-phase voltages feeding the 12-pulse rectifier must have a 
net 30° phase shift with respect to each other. To create this phase shift, the secondary 
windings of the HF transformer are connected in zig-zag. This is the same secondary 
side connection employed for the MF transformer in section 2. Therefore, the phasor 
diagram in Figure 2-7 and the winding connections in Figure 2-8 also apply to the 
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secondary windings of the HF transformer. The turns-ratio of the secondary windings of 
the HF transformer is determined in the same manner as in the MF transformer. The only 
difference is that in the HF transformer a 1/ 3 factor is applied to the turns-ratio of the 
secondary windings. The turns-ratio is given by (3.6). 
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Figure ‎3-3: High frequency ferrite core transformer. Primary and secondary windings are in the 
interior three limbs of the transformer. 
 
3.2.3 12-Pulse Diode Rectifier 
Two sets of three-phase voltages (Vabs, Vbcs, Vcas) and (Vabt, Vbct, Vcat) are fed to 
the 12-pulse diode rectifier. These sets of voltages have a fundamental frequency close 
to 20 kHz and are 30° phase shifted with respect to each other. This phase shift enables a 
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high quality 12-pulse DC output voltage and elimination of low order current harmonics 
on the utility side. The operation of the 12-pulse diode rectifier is similar to the 
conventional line frequency multi-pulse systems. The main difference is that the 12-
pulse diodes must switch at 20 kHz. Therefore, fast switching frequency diodes must be 
used in this topology. Diodes with fast reverse recovery times are needed. 
3.2.4 Output Voltage Analysis 
 The output voltage analysis of the HF proposed system proceeds in a very similar 
manner to the output voltage analysis of the MF system in Section 2. Equations (2.13-
2.27) remain valid at HF operation. But since the HF transformer has a 1/ 3 factor in 
the turns-ratio, this factor must be applied to equations (2.13-2.27). Considering this 
factor and carrying the same analysis, the output voltage of the 12-pulse diode rectifier is 
expressed as: 
 
         ...12cos
3
2
143
12
3
26
2112  tVVtVtVtV sLLLLsrecsrecspulse 

           (3.7) 
3.2.5 Input Current Analysis 
The utility input current is shown to have a 12-pulse behavior at unity power 
factor. Through mathematical analysis it is demonstrated that the utility input current’s 
dominant harmonics are the 11
th
 and 13
th
. Lower order harmonics such as the 5
th
 and 7
th
 
are eliminated by virtue of the 30° phase shift in the zig-zag transformer connections. To 
perform the analysis, the output current Id is assumed to be ideally DC and ripple free. 
Analysis is done for phase “a”. 
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The utility input current is given by (3.8), where Ssw refers to the AC-AC 
converter overall switching function given in (3.4) and Iprim,A is the current flowing 
through the primary winding. 
 
 Aprimswa ISI ,*        (3.8) 
By VA balance a relationship between the primary side and secondary side 
currents is obtained. In equation (3.9), Np refers to the number of turns in the primary 
windings and Ns1, Ns2, Ns3, Ns4 refers to the number of turns in the secondary windings 
associated with phase “a”. The turns-ratio relation in (3.6) is used in (3.9). Similarly, Ias1, 
Ias2, Ias3, and Ias4 are the currents flowing through the secondary windings associated with 
phase “a”; these currents can be expressed in terms of the currents flowing through the 
output six-pulse diode rectifiers as follows: 
 
 44332211, assassassassAprimp INININININ       (3.9) 
 adas II 11        (3.10) 
 bdas II 12        (3.11) 
 adas II 23        (3.12) 
 cdas II 24        (3.13) 
 
Using (3.10-3.13) into (3.9) results in (3.14): 
 
 )()( 212211, cdbdsadadsAprim IINIINI      (3.14) 
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The currents flowing through the output diode rectifiers (i.e. Id1a, Id2a, Id1b, Id2c) 
have a quasi-square wave nature as determined by (3.15) but also have the overall 
switching function Ssw operating on them. These currents are given by (3.16-3.19) 
respectively. 
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The -15
 o 
and +15
 o 
phase shift is evident from (3.16) and (3.18) respectively. 
Substituting equations (3.16-3.19) into (3.14) yields: 
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Then from (3.8), the utility input current Ia is given by: 
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Simplification of the terms inside the bracket of equation (3.21) yield: 
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For D = 0.5,  
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Therefore, equation (3.22) becomes: 
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From equation (3.23) it is evident that the utility input current has a 12-pulse 
behavior. The 5
th
, 7
th
, 17
th
, 19
th
, etc. harmonics are eliminated. This analysis 
demonstrates that the proposed topology has a very good input current quality which 
facilitates compliance with IEEE-519 harmonic standards [10].  The topology has the 
same performance in terms of input current quality compared to the push-pull topology 
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proposed in Section 2 while improving power density due to HF operation. For D ≠ 0.5, 
the term swsw SS   on (3.22) produces frequency components at DC, 2fsqr, 4fsqr, 6fsqr, 8fsqr, 
10fsqr, etc. These frequency components interact with the fundamental frequency and 
with the low order current harmonics of the utility current (i.e. fs, 11fs, 13fs, 23fs, 25fs). 
Since the intended switching frequency is   fsqr = 20 kHz, the harmonics being produced 
by varying the duty cycle occur at very high frequencies and the lower order harmonics 
remain intact. This means that regulating the output voltage by duty cycle control does 
not affect the input current quality. The theoretical THD of the utility input current is 
16%. This is the same value for the conventional line frequency 12-pulse rectifier.  
3.2.6 Passive Components 
As proven in the previous sub-section, the harmonic spectrum of the utility input 
current is identical to the spectra of the conventional 12-pulse isolation transformer 
scheme. Thus, the input filter must be designed to attenuate the 11
th
 and 13
th
 harmonic. 
A cut-off frequency of 500 Hz is desired for the input filter. The design of the output 
filter is the same compared to the push-pull based rectifier in Section 2. The output 
capacitor and minimum inductance for continuous conduction mode are given by (2.47) 
and (2.48) respectively. 
3.2.7 Control Scheme by Varying Duty Cycle D 
 One of the advantages of the proposed system is the simplicity of its modulation 
and control scheme. From equation (3.5) it is clear that the output DC voltage can be 
regulated by duty cycle control. It was also determined in sub-section 3.2.4 that varying 
the duty cycle does not affect the utility input current. The output voltage is controlled 
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by a simple proportional-integral (PI) controller. As observed in Figure 3-6, the error 
signal feeding the controller is the difference between the sensed output DC voltage and 
the desired reference voltage. The output of the PI controller then feeds the switching 
controller. Essentially, the PI controller dictates the required duty cycle of operation to 
obtain the desired reference voltage. Within the switching controller, the gating signals 
for the full-bridge inverters are determined.  
 
 
Figure ‎3-4: Closed loop control to regulate the output DC voltage of the proposed system. 
 
3.2.8 Design Example 
A 480Vl-l, 50kW, 500Vdc design example is considered to demonstrate the 
functionality of the proposed system shown in Figure 3-1. The output DC voltage of the 
proposed system is dictated by the DC component of (3.7) and is calculated as: 
 V. 749V
3
26
V  LLdc

     (3.24) 
 Since the actual desired output voltage is 500Vdc, the turns-ratio of the secondary 
windings must be adjusted by a factor kt which is calculated as: 
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 For 50kW operation, the output current Id is: 
 A. 100
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I      (3.26) 
The volt-ampere (VA) rating of the HF ferrite core transformer can be calculated 
using the rms voltage and rms current of each winding under the assumption that the 
output current Id has negligible ripple. The voltage and current expressions for the 
primary and secondary windings of the HF ferrite core transformer are listed in Table 3-
1. The expressions in this table are valid when the input source to the AC-AC converters 
is the utility line-to-neutral voltages. In the table, the equivalent VA rating is calculated 
to be 1.07Po. This rating is lower than the VA rating of the medium frequency 
transformer in Section 2 (i.e. 1.29Po) and slightly higher than the VA rating of the 
conventional 12-pulse isolation transformer (i.e. 1.03Po). However, the transformer 
proposed in this section operates at HF allowing for further improvement in power 
density. More details about the transformer design are given in Section 5. 
The voltage and current ratings of the semiconductor devices are listed in Table 
3-2. The voltage ratings are normalized using the utility line-line voltage VLL, while the 
current ratings are normalized using the output current Id. From Table 3-2 it is observed 
that the diodes and IGBTs in the AC-AC converter must have a voltage rating of 0.816 
p.u. This is a much better rating compared to the 2.83 p.u rating of the semiconductor 
devices in the push-pull based rectifier of Section 2.   This 0.816 p.u rating facilitates the 
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interface of the proposed topology with utility line voltages in the 690V-2.3 kV range. 
The 12-pulse diode rectifier voltage and current ratings are the same compared to the 12-
pulse diode rectifier of the topology in Section 2. A power factor pf of 0.985 is assumed 
to calculate the per unit values of the peak and rms current ratings of the AC-AC 
converter. 
 
Table ‎3-1: HF ferrite core transformer VA rating for HF 12-pulse rectifier 
HF Ferrite Core Transformer VA rating 
Primary Side 
Winding 
Voltage 
expression (rms) 
dcLL
LL VV
V
37.0577.0
3
  
Current 
expression (rms) 
dI9.0  
Secondary 
Side Windings 
with turns-ratio 
Ns1 
Voltage 
expression (rms) dcLL
LL VV
V
1746.0272.0
33
2
  
Current 
expression (rms) dd
II 816.0
3
2
  
Secondary 
Side Windings 
with turns-ratio 
Ns2 
Voltage 
expression (rms) dcLL
LL VV
V
064.00996.0
323
13


 
Current 
expression (rms) dd
II 816.0
3
2
  
VA rating calculation 
ddcdLL
LLLL
dd
LL
tot IVIV
VV
II
V
VA 1456.23447.3
33
2
323
13
3
2
688.0
3
3 











oddctoteq PIVVAVA 07.107.1
2
1
  
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Table ‎3-2: Voltage and current ratings of semiconductor devices 
Component 
 
Parameter 
 
Expression 
 
P.U. Value 
Design 
Value (50 
kW) 
AC-AC 
converter 
(single-phase 
rectifier diodes) 
peak voltage 
LLV
3
2
 0.816 392 V 
peak current dt Ik
pf
4

 1.3kt 87 A 
rms current dt Ik
pf
2

 0.65kt 43 A 
AC-AC 
converter (full-
bridge inverter 
IGBTs) 
peak voltage 
LLV
3
2
 0.816 392 V 
peak current dt Ik
pf
4

 1.3kt  87 A 
rms current dt Ik
pf
2

 0.65kt  43 A 
12-Pulse Diode 
Rectifier 
peak voltage 
LLV
3
2
tk  0.816kt 263 V 
peak current Id 1 100 A 
rms current 






4
1
12
2 

dI  0.57 57 A 
 
3.2.9 Simulation Results 
 The proposed system in Figure 3-1 is simulated to demonstrate its operation. The 
electrical operation is verified using PSIM, while the performance of the HF transformer 
in terms of flux density and core losses is simulated using Ansys Maxwell. 
3.2.9.1 Simulations in PSIM  
Table 3-3 lists the parameters used in simulation. The transformer used for 
simulation was close to ideal conditions. The turns-ratio was set as given by (3.6). 
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Table ‎3-3: Operating conditions used for simulation in PSIM 
Grid voltage (line-to-line rms) 480V 
Grid frequency 60 Hz 
Output dc voltage 500 Vdc 
Rated power 50 kW  
Switching frequency (fsqr) 20 kHz 
Input inductor (Lf) 25 μH (0.002 p.u) 
Output Inductor (Lout) 500 μH (0.042 p.u) 
Output Capacitor (Cout) 2.2 mF 
 
Figure 3-5 shows the relevant voltage waveforms of the system. Figure 3-5(a) 
shows the pulsating voltages at twice the line frequency across the film capacitors in the 
AC-AC converters. The three-phase HF AC output of the AC-AC converter is shown in 
Figure 3-5(b); these three-phase HC AC link are fed to the transformer primary 
windings. The secondary side line-to-line voltages Vabs and Vabt are shown in Figure 3-
5(c), these voltages exhibit the 30° phase shift required for 12-pulse operation. The high 
quality DC output voltage at 500V is shown in Figure 3-5(d). The frequency spectrum of 
voltage VprimA is given in Figure 3-6 demonstrating that the transformer is operating at 
HF, thereby increasing power density. The HF nature of the transformer is also evident 
from the currents on the primary windings. Figure 3-7(a) shows the current IprimA. The 
12-pulse operation of the system is confirmed from the currents Id1a and Id2a which feed 
the 12-pulse rectifier; these currents have a 30° phase shift as expected. 
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Figure ‎3-5: (a) Pulsating voltages across the film capacitors in AC-AC converters; (b) Three-phase 
HF AC link across transformer windings; (c) Secondary side line-to-line voltages are displaced by 
30°; (d) High quality DC output voltage at 500V. 
 
 
 
Figure ‎3-6: FFT of voltage across transformer winding. Fundamental component occurs at HF 
allowing the transformer size to be decreased.  
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Figure ‎3-7: (a) Current on primary side winding, high frequency nature is evident; (b) Id1a, current 
feeding one of the six-pulse diode rectifiers in the output; (c) Id2a, current feeding second six-pulse 
diode rectifier in the output. Id1a and Id2a are shifted by 30°. 
 
The functionality of the system is further confirmed by Figure 3-8. The utility 
line input current for phase “a” is shown in Figure 3-8(a). The 12-pulse nature of the 
current is evident. Furthermore, the harmonic spectrum of the input current, given in 
Figure 3-8(b), shows that the dominant harmonics are the 11
th
 and 13
th
 as in 
conventional 12-pulse operation. This simulation result is in accordance with the input 
current analysis provided in sub-section 3.2.5. The simulated THD of the line current is 
12%; this is lower than the theoretical value due to the small input filter used in the 
simulation.  
The closed loop control of the system is verified by introducing a step change in 
the output DC voltage. A step of 500Vdc to 400Vdc is applied at t=0.25 sec. It is expected 
for the duty cycle to decrease since the relationship between duty cycle and output 
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voltage is linear. The step change simulation results are shown in Figure 3-9. It is 
evident that 12-pulse behavior of the utility line current is maintained for variable duty 
cycle operation. The harmonic content on the utility line current remains the same. 
Figure 3-10 shows a plot of the input current THD as the duty cycle is varied from 10-
50%. As observed from the plot, the THD is pretty much constant. The reported THD 
values are less than 16% because a small filter was used in the simulations. 
Similarly, the output voltage relation with the duty cycle is plotted and shown in 
Figure 3-11. The plot shows that the relationship is linear. As the duty cycle decreases, 
zero states are introduced in the three-phase HF AC link which in turn decreases the 
rectified DC voltage on the output. The rated voltage occurs at D = 0.5 as expected. 
 
 
Figure ‎3-8:‎(a)‎Utility‎line‎input‎current‎for‎phase‎“a”;‎12-pulse behavior is evident. Simulated THD 
is 12%. (b) FFT of line current confirms 12-pulse operation, dominant harmonics are the 11
th
 and 
13
th
. 
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Figure ‎3-9: (a) Duty cycle drops due to step change in the output DC voltage; (b) Step change in 
output DC voltage; (c) Utility‎line‎input‎current‎for‎phase‎‘a’, 12-pulse behavior is maintained for 
variable duty cycle. 
 
 
Figure ‎3-10: Duty cycle vs. utility input current THD. 
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Figure ‎3-11: Duty cycle vs. output DC voltage. A linear relationship is evident. 
 
3.2.9.2 Simulations in Ansys Maxwell FEA Software 
The magnetic characteristics of the HF transformer are studied using Ansys 
Maxwell FEA software. The primary windings of the modelled transformer were excited 
using the voltage expression derived in (3.5). The voltage excitation is 120Vrms. This is 
done to match the excitation given during experimental results. The material of the core 
was selected to be Ferroxcube 3C94 which has a saturation flux density of 0.42 T at HF. 
A plot of the magnetic field density for a 2D simulation of the proposed transformer is 
given in Figure 3-12. From the simulation, it is shown that the flux density is higher in 
the interior three-limbs of the transformer as expected. The core of the transformer is 
shown to operate at 0.34 T which is below the saturation region. In Figure 3-13, the 
corresponding magnetic flux lines plot is presented. The flux lines also concentrate along 
the interior three-limbs of the transformer. Using the 3C94 core loss data at HF, the FEA 
software is used to simulate the core losses of the MF transformer. The simulated core 
0
100
200
300
400
500
600
0 0.1 0.2 0.3 0.4 0.5 0.6
O
u
tp
u
t 
D
C
  
V
o
lt
a
g
e 
Duty Cycle 
Duty Cycle vs Output DC Voltage 
Vdc
 97 
 
losses shown in Figure 3-14 and are used to evaluate the efficiency of the proposed 
topology as discussed in the next section. 
 
 
Figure ‎3-12: Magnetic field density plot of the proposed transformer for HF three-phase excitation. 
The dimensions of the transformer are 17.6 cm x 12.32 cm x 3 cm (0.65 L) 
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Figure ‎3-13: Magnetic flux lines for three-phase HF excitation. 
 
 
Figure ‎3-14: Simulated core losses of HF transformer for three-phase HF excitation. 
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3.2.10 Efficiency Analysis 
The efficiency of the proposed system in Figure 3-1 is analyzed using the thermal 
models in the software simulation package PLECS. With the thermal model in PLECS 
the switching and conduction losses of the semiconductor devices are calculated. In 
order to calculate the losses, the software requires data from datasheets of commercial 
semiconductor devices. Thus, commercially available semiconductor devices must be 
selected to gather the appropriate data. Table 3-4 lists the components selected to 
calculate the efficiency of the 50 kW design example described in subsection 3.2.8. The 
relevant data required in the software to calculate the switching losses are the switching 
energy loss versus collector current curves. Both the turn on and turn off energy loss 
curves are required. The conduction losses for the IGBT are calculated from its output 
characteristics curves (i.e. collector current vs. collector-emitter voltage). Similarly, the 
conduction losses of the diodes in the system are calculated using the forward current 
versus forward drop voltage curve. The switching losses for the selected diodes are 
essentially zero due to their fast reverse recovery time. 
Figure 3-15 shows a breakdown of the switching and conduction losses of the 
semiconductor devices used. The conduction losses of the semiconductor devices are 
considerable as noted from the figure and amount to 2.5 kW. In fact the conduction 
losses account for 76% of the system’s total losses as shown in Figure 3-16. The 
switching losses in turn account for 25% of the losses while the transformer accounts for 
only 1% of the losses. The calculated efficiency for this 50 kW design example is 94%. 
This can be improved by selecting better semiconductor devices such as GaN or SiC. 
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Table ‎3-4: Semiconductors used for power loss analysis using PLECS thermal models. 
AC-AC converter IGBT IXXH50N60C3D1 
AC-AC converter diodes VUE 75-06NO7 
Output 12-pulse rectifier VUE 75-06NO7 
 
 
Figure ‎3-15: Switching and conduction losses for 50 kW design example.  
 
 
Figure ‎3-16: System power loss breakdown for 50 kW design example. 
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3.2.11 Comparative Evaluation 
The proposed scheme in Figure 3-1 is compared with other three-phase AC-DC 
rectifier systems. The systems considered for comparison include the conventional 12-
pulse rectifier, the active 12-pulse rectifier [36], the modular three-phase PFC scheme, 
and the push-pull based rectifier proposed in Section 2. The results of the comparison 
evaluation are listed in Table 3-5. The proposed scheme in this section utilizes a total of 
12 active switching devices in the front-end to create a three-phase HF AC link. This 
number of active devices is a disadvantage when compared to the number of active 
devices in the push-pull based topology proposed in Section 2. However, the p.u voltage 
rating of the active devices in the push-pull based topology is a concern. In fact the 
voltage rating of the semiconductor devices is better for the proposed scheme in this 
section. Similar to the active 12-pulse topology and the push-pull based topology, the 
sensing effort and modulation complexity is low. 
 The proposed scheme has an advantage over the modular three-phase PFC 
scheme in terms of the number of electrolytic capacitors used in the front-end. The 
proposed scheme does not require energy storage and thus electrolytic capacitors are not 
needed which benefits the reliability and density of the system. Among the compared 
topologies employing phase-shifting transformers, only in the proposed scheme the 
transformer operates at HF. The proposed HF transformer rated at 10 kW has a power 
density of 15,380 W/L. This is nine times the power density of the MF transformer 
proposed in Section 2. This makes the proposed scheme very attractive for applications 
where size and weight are of paramount importance. 
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Table ‎3-5: Comparison of proposed system with other three-phase AC-DC rectifier systems. 
Topologies 
Conventional 
12-Pulse 
 Active      
12-Pulse 
[36]         
Three single-
phase PFC 
Push-Pull 
based, 
Section 2 
Full-bridge 
based, 
Section 3 
Configuration ac-dc ac-dc-dc ac-dc-dc-dc ac-ac-dc ac-ac-dc 
No. of 
active 
switches                 
front-
end 
------ ------ 3 2 12 
dc-dc ------ 4 12  ------  
Total ------ 4 15 2 12 
Galvanic Isolation Yes No Yes Yes Yes 
Sensing effort &                       
modulation 
complexity 
None Low High Low Low 
No. of DC link 
capacitors (front-
end) 
None None 3 None None 
Phase-Shifting 
Transformer VA 
rating (operation 
frequency) 
1.03Po               
(line 
frequency) 
0.38Po                
(line 
frequency) 
------ 
1.29Po             
(medium 
frequency) 
1.07Po             
(high 
frequency) 
Power Density of 
Phase-Shifting 
transformer (Output 
Watts/Liter) 
507 352* ------ 1700 15,380 
 
3.2.12 Experimental Results 
A scaled-down laboratory prototype rated at 1 kW is built and tested to validate 
the operation of the proposed system in Figure 3-1. Table 3-6 lists the hardware 
components used in the experiment. The utility line-to-line voltage is set to 208Vrms 
with a 60 Hz frequency. A small input passive filter with Lf =100 μH was used. Three 
voltage sensors are used to detect the zero crossing of the line-to-neutral voltages. These 
signals are fed to the ADC module of the microcontroller to synchronize the gating 
functions of the full-bridge inverters. The gating signals are generated using a Texas 
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Instruments microcontroller. The switching frequency of the gating signals is set to 20 
kHz. The transformer core is built using ferrite 3C94 material. 
 
Table ‎3-6: Hardware components used for laboratory scaled-down prototype 
AC-AC converter Semikron SK13GD063 
Gate Driver Semikron SKHI 61 (R) 
Voltage sensors TI AMC1100 
Microcontroller TMS320F28335 
Transformer core material 3C94 
Output six-pulse rectifier IXYS VUE 75-06NO7 
 
The obtained experimental results are similar to the simulation results. The 
pulsating voltages across the film capacitors in the AC-AC capacitors are shown in 
Figure 3-17. The pulsating voltages are full-wave rectified as expected. The three-phase 
HF AC link across the transformer primary windings is shown in Figure 3-18. It is 
evident that the voltages are shifted by 120°. Figure 3-19 presents a zoom out of Figure 
3-18. The HF operation of the transformer is verified from Figure 3-20 which shows the 
frequency spectrum of the voltage across the transformer winding. The fundamental 
components appear at 20 kHz ±60 Hz enabling the transformer to operate at HF. The 
transformer’s winding primary current along with the winding voltage is shown in 
Figure 3-21 further demonstrating HF operation.  Figure 3-22 shows the secondary side 
line-to-line voltages Vabs and Vabt. These voltages are shifted by 30° as expected.  
Similarly, the currents Id1a and Id2a are shifted by 30° from each other as shown in 
Figure 3-23. The utility line input current for phase “a” along with its frequency 
spectrum is shown in Figure 3-24. The 12-pulse nature of the current is evident. The 
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dominant harmonics are the 11
th
 and 13
th
 as expected. The frequency spectrum shows 
that the 5
th
, 7
th
, 17
th
, 19
th
 harmonics have been eliminated confirming 12-pulse operation. 
Unity power factor operation is evident from Figure 3-25 which shows the utility line-to-
neutral voltage Van and the utility line input current Ia. This figure also shows that the 
switching nature of the AC-AC converters does not affect the utility voltages and thus 
EMI is not a concern. These experimental results validate the functionality of the 
proposed system proving its attractiveness for EV charging applications, data centers, 
telecomm rectifiers, etc. 
 
 
Figure ‎3-17: Experimental Results. (Ch.1): Pulsating voltages Vpa; (Ch.2) Pulsating voltages Vpb; 
(Ch. 3) Pulsating voltages Vpc. These voltages are across the film capacitors in the AC-AC 
converters. 
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Figure ‎3-18: Experimental results. (Ch.1): Voltage across transformer primary winding VprimA; 
(Ch.2): Voltage across transformer primary winding VprimB; (Ch.3): Voltage across transformer 
primary winding VprimC.  This is the three-phase HF AC link created by the AC-AC converters. 
 
 
Figure ‎3-19: Experimental results. Zoom out of three-phase HF AC link in Figure 3-15. The HF 
nature of the voltages is evident. 
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Figure ‎3-20: Experimental results. (Ch.1): Voltage across transformer primary winding VprimA; (Ch. 
Math): Frequency spectrum of transformer voltage VprimA. The fundamental components appear at 
20 kHz ± 60 Hz. Other frequency components appear at 3fsqr ± fs, 5fsqr ± fs, etc. 
 
 
Figure ‎3-21: Experimental results. (Ch.1): Voltage across transformer primary winding VprimA; 
(Ch.3): Current through primary winding. HF operation is evident. 
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Figure ‎3-22: Experimental results. (Ch.2): Secondary side line-to-line voltage Vabs; (Ch.3): 
Secondary side line-to-line voltage Vabt. The voltages are displaced by 30° for 12-pulse operation. 
 
 
Figure ‎3-23: Experimental results. (Ch.3): Six-pulse diode rectifier input current Id1a; (Ch.4): Six-
pulse diode rectifier input current Id2a. These currents are also displaced by 30°. 
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Figure ‎3-24: Experimental results. (Ch.4): Utility line input current Ia. The 12-pulse nature of the 
current is evident; (Ch. Math): Frequency spectrum of the line input current Ia. The fundamental 
component appears at 60 Hz and the dominant harmonic appears at 660 Hz as expected. Lower 
order harmonics such as the 5
th
 and 7
th
 are eliminated. 
 
 
Figure ‎3-25: Experimental results. (Ch.1): Utility line-to-neutral input voltage Van; (Ch.4): utility 
line input current Ia.  High power factor operation is observed. Also, the effect of the switching 
frequency on Van is minimal. 
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3.3 Different Embodiments of the Proposed Multi-Pulse System 
 One of the attractive features of the proposed 12-pulse system is its versatility. 
The proposed system has the ability to be adapted for multiple embodiments. Each 
embodiment has the AC-AC converter as the fundamental building block. Such 
embodiments include the following: 1) higher-pulse operation, 2) open-delta 
configuration of AC-AC converters, and 3) medium voltage (MV) series connected AC-
AC converters. 
3.3.1 Higher-Pulse Operation 
The secondary side of the proposed system in Figure 3-1 can be configured for 
higher pulse operation (i.e. 18-pulse, 24-pulse, etc.). Figure 3-26 shows an 18-pulse 
embodiment of the proposed system. The advantage of this 18-pulse configuration is that 
the utility input current is almost sinusoidal in nature because the 5
th
, 7
th
, 11
th
, 13
th
, etc. 
harmonics are eliminated from the input current. This elimination of harmonics reduces 
the input filter size. Another advantage is that the output DC voltage has better quality 
which reduces the output filter size.  The AC-AC converters and its modulation/control 
scheme remain the same compared to the 12-pulse configuration. The main difference 
lies in the transformer design. The transformer core structure is the same as the one 
shown in Figure 3-3 but required three additional secondary wye-connected windings to 
create 18-pulse operation. Thus a total of 15 secondary windings are required (five per 
phase). Also an additional six-pulse diode rectifier is required. Furthermore, the turns-
ratio of the zig-zag connected windings are set such that there is a ±20° degree phase 
difference with respect to the primary windings. 
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 To obtain the desired phase difference for 18-pulse operation, the turns-ratio of 
the zig-zag connected windings must be set as in (3.27). The zig-zag turns-ratio is found 
by solving (3.28) and (3.29). This ratio yields line-to-line voltages, on the secondary 
side, with the appropriate phase-shift and with magnitude equal to the primary side line-
to-line voltages (neglecting conduction losses). Figure 3-27 shows a phasor diagram of 
the primary and secondary windings for the 18-pulse embodiment. The secondary side of 
the diagram shows to zig-zag connections and one wye-connection. One of the zig-zag 
connections creates line-to-line voltages that are displaced by -20° with respect to the 
primary side line-to-line voltages. Similarly, the second zig-zag connection creates line-
to-line voltages that are displaced by +20° with respect to the primary side line-to-line 
voltages. The zig-zag winding connections are the same as in Figure 2-8 but with the 
different turns-ratio. The wye-connected secondary windings are in phase with the 
primary side line-to-line voltages. To achieve the same line-to-line voltages, the 
secondary wye-connection must have a 1:1 turn-ratio. 
 
 395.0:7422.0:395.0:7422.0:1:::: 43211 SSSSP NNNNN    (3.27) 
  2011200 2121 sscnsansas NNVNVNV    (3.28) 
  2011200 4343 ssbnsansat NNVNVNV    (3.29) 
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Figure ‎3-26: Proposed 18-pulse embodiment. High quality input current and DC output voltage. 
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Figure ‎3-27: Phasor diagram of HF transformer for 18-pulse embodiment. 
 
3.3.1.1 Design Example and Simulation Results 
A 480Vl-l, 50kW, 500Vdc design example is simulated in PSIM for this 18-pulse 
embodiment. The output DC component produced by the 18-pulse rectifier is given by 
(3.30), where kt is a factor included in turns-ratio and must be set to 0.25 for 500Vdc 
operation. For a 50 kW load, the output current Id is equivalent to 100 A. 
 V. 500V2
9
V  LLtdc k

     (3.30) 
 Table 3-7 lists the voltage and current expressions for the 18-pulse HF 
transformer windings. The VA rating of the 18-pulse HF transformer is calculated to be 
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1.07Po. Therefore, in terms of VA rating the 18-pulse HF transformer is equivalent to the 
12-pulse HF transformer.  
 
Table ‎3-7: HF 18-pulse transformer VA rating 
Primary Side 
Winding 
Voltage 
expression 
(rms) 
dcLL
LL VV
V
143.0577.0
3
  
Current 
expression 
(rms) 
dI36.2  
Secondary Side 
Windings with 
turns-ratio Ns1 
Voltage 
expression 
(rms) 
dcLL
LL VV
V
 106.0428.0
3
742.0  
Current 
expression 
(rms) 
dd II 816.0
3
2
  
Secondary Side 
Windings with 
turns-ratio Ns2 
Voltage 
expression 
(rms) 
dcLL
LL VV
V
 056.0228.0
3
395.0  
Current 
expression 
(rms) 
dd II 816.0
3
2
  
Secondary 
Wye-
Connected 
Windings 
Voltage 
expression 
(rms) 
dcLL
LL VV
V
143.0577.0
3
  
Current 
expression 
(rms) 
dd II 816.0
3
2
  
VA rating calculation 
  ddcdLLdLLdLLd
LL
tot IVIVIVIVI
V
VA 14.268.82395.0742.02236.2
3
3 
oddctoteq PIVVAVA 07.107.1
2
1
  
 
The relevant simulation waveforms are presented. Figure 3-28 shows the 
secondary side line-to-line voltages which feed the 18-pulse rectifier. As shown in the 
figure, the voltage Vabs lags the voltage Vaby by 20 degrees. Similarly, Vabt leads the Vaby 
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by 20 degrees. These phase shifts between the voltages enable 18-pulse operation. The 
HF nature of the voltage is also appreciated from the figure. Since the modulation 
scheme remains the same compared to the proposed 12-pulse topology, the frequency 
spectrum of these voltages is equivalent to that shown in Figure 3-6. Thus, the 
transformer operates at HF enabling size reduction. 
 The operation of the 18-pulse embodiment is confirmed by the utility input 
currents shown in Figure 3-29(a). The 18-pulse behavior and balanced operation of the 
input currents is evident. In the simulation, a small input filter Lf with 20μH is used. The 
simulated THD of the input currents is 8%. The frequency spectrum of Ia is given in 
Figure 3-29(b). The spectrum shows the fundamental component and the 17
th
 and 19
th
 
harmonics. This harmonic content is in accordance with equation (1.5). 
 
 
Figure ‎3-28: Secondary side line-to-line voltages feeding the 18-pulse diode rectifier. 
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Figure ‎3-29: (a) Utility line input currents (61.5 Arms) showing 18-pulse behavior, simulated THD is 
8%; (b) Frequency spectrum of line input current Ia. 
 
3.3.2 Open-Delta Configuration of AC-AC Converters 
In the proposed system of Figure 3-1, 12 diodes and 12 active switching devices 
are needed to implement the AC-AC converters. It is possible to reduce the number of 
semiconductor devices by an open-delta embodiment of the AC-AC converters as shown 
in Figure 3-30. In this open-delta embodiment only two AC-AC converters are required 
reducing the number of semiconductor devices to 16 instead of 24. The fundamental 
difference lies in the transformer design. Only two vectors, Vab and Vbc, are magnetically 
available to generate a net 30° phase difference between the secondary side line-to-line 
voltages. Figure 3-30 details the winding connections on the secondary side which create 
two sets of three-phase voltages with a net 30° phase difference. These voltages are then 
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fed to a 12-pulse rectifier for DC conversion. Another difference is the voltage rating of 
the semiconductor devices in the AC-AC converters. Since the input to the AC-AC 
converters are the line-to-line voltages, the peak voltage across the diodes and IGBTs is 
1.414 p.u. 
In the open-delta embodiment, the HF transformer must be built using two 
single-phase transformers. Each single-phase transformer has one primary winding and 
six secondary windings. The phasor diagram representation of the open-delta connection 
is shown in Figure 3-31. The primary side phasor representation shows that only the 
phasors Vab and Vbc are available. With these two phasors, the secondary side is 
configured to generate two sets of three-phase line-to-line voltages equal in magnitude to 
the primary side line-to-line voltages. One set has a -15° phase difference with respect to 
the primary voltages, while the second has a +15° phase difference. This creates a 30° 
phase difference between the two sets of three-phase voltages as required for 12-pulse 
operation. By virtue of this phase shift, the utility input current has 12-pulse performance 
(i.e. 5
th
, 7
th
, 17
th
, 19
th
 harmonics are eliminated). In order to achieve the ±15° phase shift 
and desired voltage magnitude the turns-ratio of the windings in each single-phase 
transformer must be set as in (3.31). This ratio is found by solving (3.32).  
 
 15.0:15.0:97.0:97.0:15.0:15.0:1:::::: 6543211 SSSSSSP NNNNNNN   (3.31) 
    15130190230 131113 ssbcsabsbcsabs NNVNVNVNVN          (3.32) 
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Figure ‎3-30: Proposed system –Open-delta embodiment enables a reduction in the number of 
semiconductors needed; only two AC-AC converters required. 
 
 
Figure ‎3-31: Open-delta phasor diagram 
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3.3.2.1 Design Example and Simulation Results 
For comparison purposes the same 480Vl-l, 50 kW design example is simulated 
in PSIM. The output DC component produced by the open-delta 12-pulse diode rectifier 
is given by (3.33), where kt is set to 0.39 for 500Vdc operation. The output current Id is 
100A. 
 V. 500V2
6
V  LLtdc k

      (3.33) 
Table 3-8 lists the voltage and current expressions of the open-delta HF 
transformer windings. For the primary winding current expression a power factor of 
0.985 is assumed since 12-pulse behavior is expected. The open-delta transformer VA 
rating is calculated to be 1.35Po. The operation of the open-delta 12-pulse system is 
confirmed by simulation. Figure 3-32 shows the primary side voltage VpriAB and the 
secondary side line-to-line voltages Vabs and Vabt. As expected, the voltage Vabs lags 
VprimAB by 15° while Vabt leads VprimAB by 15°. Thus Vabs and Vabt have a net 30° phase 
shift (i.e. 1.38 ms) with respect to each other ensuring 12-pulse operation. The HF 
content of the voltages is evident. Indeed, the frequency content of these voltages is the 
same as in Figure 3-6.  
The utility line input currents are shown in Figure 3-33(a). The currents are 
balanced and have 12-pulse performance as expected. The frequency spectrum of utility 
line current Ia is given in Figure 3-33(b), currents Ib and Ic have an identical frequency 
content. It is shown that the fundamental current component appears at the line 
frequency and the dominant harmonics appear at 660 Hz and 780 Hz (i.e. 11
th
 and 13
th
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harmonic respectively). The simulated current THD is 14%. These results validate the 
operation of the open-delta 12 pulse topology with HF isolation. 
 
Table ‎3-8: Open-delta HF transformer VA rating 
Primary Side 
Winding 
Voltage 
expression (rms) dcLL
VV 37.0  
Current 
expression (rms) dd
II
pf
58.1
62


 
Secondary Side 
Windings with 
turns-ratio Ns1 
Voltage 
expression (rms) dcLL
VV  055.015.0  
Current 
expression (rms) dd
II 816.0
3
2
  
Secondary Side 
Windings with 
turns-ratio Ns3 
Voltage 
expression (rms) dcLL
VV  357.0966.0  
Current 
expression (rms) dd
II 816.0
3
2
  
VA rating calculation 
dLLdLLdLLdLLtot IVIVIVIVVA 646.3816.015.04816.0966.0258.1 
oddctoteq PIVVAVA 35.135.1
2
1
  
 120 
 
 
Figure ‎3-32: (a) Voltage across the transformer primary winding ; (b) Secondary side line-to-line 
voltage Vabs, (c) Secondary side line-to-line voltage Vabt. Note the 30° phase shift between Vabs and 
Vabt for 12-pulse operation. 
 
 
Figure ‎3-33: (a) Utility line input currents with 12-pulse performance; (b) FFT of line input current 
Ia. Harmonic content confirms 12-pulse operation. 
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3.3.3 Medium Voltage Series-Connected AC-AC Converters 
A typical application for multi-pulse systems is adjustable speed drives (ASDs). 
In medium voltage (MV) ASD applications, the input AC voltage may range from 2.3 
kV to 6.9 kV.  In MV voltage application, the blocking voltage of the semiconductor 
devices is a concern. To address this concern, the proposed system can be configured as 
shown in Figure 3-34. The AC-AC converter is built using cells connected in series to 
relax the blocking voltage requirement of the semiconductor devices. Each cell is 
composed of the same unidirectional AC-AC converter studied in sub-section 3.2.1. The 
optimum number of cells connected in series depends on the utility MV amplitude and 
on cost analysis. In Figure 3-34, the secondary side of the HF transformer is configured 
for multi-pulse operation (i.e. 18-pulse, 24-pulse). The secondary side windings are 
interfaced to a three-phase motor through multiple power cells which consist of six-pulse 
rectifiers and multi-level NPC inverters.  
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Figure ‎3-34: Proposed system – medium voltage embodiment with series connected AC-AC 
converters for ASD applications. 
  
3.4 Comparison of the Proposed System and Its Embodiments 
 The proposed HF 12-pulse system in Figure 3-1 is compared with the 18-pulse 
embodiment along with the open delta 12-pulse embodiment. The criteria used for 
comparison includes the transformer VA rating, input current THD, number of 
semiconductor devices and their peak voltage rating. Table 3-9 lists the results of the 
comparison. 
 In terms of transformer VA rating, the transformer of Figure 3-1 is equivalent to 
the 18-pulse HF transformer. However, the winding losses in the 18-pulse transformer 
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are expected to be higher due to the additional wye-connected windings. In comparison, 
the open-delta transformer VA rating is 1.35Po. This is a 26% increase in VA rating 
compared to the 12-pulse and 18-pulse HF transformer. The main benefit of the open-
delta embodiment is that it employs the least number of semiconductor devices among 
the compared systems. However, the reduction in the number of AC-AC converter 
modules comes at the cost of an increase in transformer VA rating. If an application is 
limited by cost, then this open-delta embodiment is an attractive alternative because the 
number of modules, gate drivers, and sensors is reduced. If however the design is limited 
by size and weight, the proposed system in Figure 3-1 is more suitable. 
 In terms of input current performance, the 12-pulse systems have a theoretical 
THD of 16%. Meanwhile, the 18-pulse HF rectifier has an input current that is nearly 
sinusoidal at unity power factor. The input current has a THD of 9%, this is a 4% 
improvement compared to the 12-pulse scheme. Therefore, this system facilitates 
compliance with current harmonic standards. The improved input current performance 
however comes at the cost of increased transformer complexity and an additional six-
pulse rectifier on the secondary side. 
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Table ‎3-9: Comparison of embodiments 
Parameter 
12-Pulse HF Rectifier 
(Figure 3-1) 
Open-Delta 12-
Pulse HF Rectifier 
(Figure 3-30) 
18-Pulse HF 
Rectifier  
(Figure 3-26) 
Transformer 
Configuration 
five-limb, three-phase 
transformer 
Two single-phase 
transformers 
five-limb, three-
phase transformer 
No. of 
windings 
3-primary, 12-
secondary 
1-primary, 6-
secondary (per 
transformer) 
3-primary, 15-
secondary 
Transformer 
VA rating 
1.07Po 1.35Po 1.07Po 
No. of 
semiconductor 
devices 
24-diodes 
12-active 
semiconductor devices 
20-diodes 
8-active 
semiconductor 
devices 
30-diodes 
12-active 
semiconductor 
devices 
Peak voltage 
rating for 
semiconductor 
devices. 
0.816VLL VLL 0.816VLL 
Input Current 
THD 
16% 16% 9% 
 
3.5 Conclusion 
 A three-phase AC-DC rectifier with HF (20 kHz) transformer isolation is 
presented in this section. Extended analysis and simulation results demonstrate the 
feasibility of the proposed approach. The proposed scheme is versatile and different 
embodiments of the system were presented. A 50 kW design example is shown to have 
94% efficiency. Operating the transformer at 20 kHz yields a power density of 15,380 
W/L for a 10 kW three-phase transformer. The main advantages include high power 
density, high input current quality over a wide output voltage range and a simple pulse 
width modulation and control scheme. 
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4. THREE-PHASE AC-DC PWM RECTIFIER WITH HIGH FREQUENCY 
ISOLATION AND IMPROVED INPUT CURRENT QUALITY 
This section presents a three-phase AC-DC PWM rectifier system with high 
frequency isolation (HF) and improved input current quality. The rectifier system 
interfaces the utility grid to AC-AC converters which produce a HF output. The outputs 
of the AC-AC converters are connected to the primary windings of a three-phase HF 
transformer.  The secondary windings of the HF transformer are delta-connected and 
interfaced to a three-phase diode rectifier to produce an output DC voltage. The AC-AC 
converters are modulated using selective harmonic elimination techniques; it is shown 
that with a programmed PWM switching function lower order harmonics (i.e. 5
th
, 7
th
, 
11
th
, 13
th
, etc.) are eliminated from the utility input current. The main advantages of this 
topology include the absence of electrolytic capacitors, good input current quality, and 
high power density. Detailed analysis and simulation results are presented to 
demonstrate the operation of the proposed rectifier system. 
 
4.1 Introduction 
The most simple three-phase AC-DC rectifier is shown in Figure 1-7. Each diode 
conducts for 120° of the line frequency cycle. The switching functions of the diodes are 
determined by the utility line-to-line voltages as shown in Figure 4-1. The switching 
function S1 corresponds to diode pair D1-D4, S2 corresponds to diode pair D3-D6, and S3 
corresponds to diode pair D5-D2. When S1 is positive D1 conducts and when S1 is 
negative D4 conducts. The same logic applies to the other two legs of the rectifier. The 
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output voltage of the rectifier is given by (4.1), where Van, Vbn, Vcn are the utility line-to-
neutral voltages.  
 cnbnanout VSVSVSV 321          (4.1) 
 
 
Figure ‎4-1: Operation of three-phase rectifier in Figure 1-7. (a) Line-to-line input voltages (b) 
Switching function for leg 1 of the rectifier; (c) Switching function for leg 2 of the rectifier; (d) 
Switching function for leg 3 of the rectifier; (e) Output voltage of three-phase rectifier given by (4.1). 
 
In ideal conditions, the utility input currents Ia, Ib, and Ic are identical in shape to 
S1, S2, and S3 respectively. This is an important realization because it means that the 
utility input current can be shaped solely by switching functions and has led to the 
development of the six-switch PWM rectifier [38]. Essentially, the diodes are replaced 
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by active semiconductor devices and S1, S2, and S3 are generated using carrier based sine 
PWM.  By using sine PWM, S1, S2 and S3 are free from low order harmonics and since 
they are identical in shape to the input currents a very low THD is achieved. 
The proposed PWM rectifier, shown in Figure 4-2, uses the same switching 
function concept to improve the utility input current. It is shown that modulating the AC-
AC converters with a programmed PWM switching function results in the elimination of 
pre-selected utility input current harmonics. The main advantages of this system are as 
follows: 
1.) Improved utility input current due to the use of selective harmonic elimination 
modulation techniques. 
2.) The approach uses HF magnetics which improves power density and provides 
isolation between input and output. 
3.) The AC-AC converter modules do not use electrolytic capacitors. 
4.) Output voltage control with high voltage gain due to over-modulation index 
amplitude ma = 1.15. 
5.) Reduced number of transformer windings and output diode rectifiers compared 
to the previous proposed systems in Sections 2 and 3.  
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Figure ‎4-2: Proposed PWM rectifier with selective harmonic elimination modulation scheme. 
 
4.2 Proposed Three-Phase PWM Rectifier with HF Isolation 
 The analysis and operation of the proposed three-phase PWM Rectifier is 
detailed in this sub-section.  
4.2.1 Unidirectional AC-AC Converter with Programmed PWM 
In terms of semiconductor device hardware, the primary side of the proposed 
PWM rectifier system is essentially the same as the primary side of the proposed three-
phase AC-DC 12-pulse rectifier in sub-section 3.2. It uses the same number of AC-AC 
modules and therefore the same number of semiconductor devices. Similarly, the outputs 
of the AC-AC converters are connected to the primary windings of a three-phase HF 
transformer. The fundamental difference in this PWM rectifier is that the AC-AC 
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converters are modulated using selective harmonic elimination techniques. The benefits 
of programmed PWM techniques over conventional carrier-based sine PWM schemes 
are outlined in [59],[60], [61]. 
With the programmed PWM technique low order harmonics are eliminated from 
the switching functions of the AC-AC converters. With the line-to-neutral waveform 
optimization method, one can eliminate selected non-tripplen odd harmonics up to the 
preferred first significant harmonic [59]. All tripplen harmonics are eliminated by virtue 
of the 120° phase shift in three-phase operation. As explained in [59], the Fourier 
coefficients of the switching functions are given by (4.1) and (4.2). The Fourier 
coefficients bn are equal to zero due to quarter wave symmetry of the switching 
functions. In (4.1), N refers to the number of switching angles (α1 to αN) that must be 
obtained for a desired switching function. The solutions for these angles are obtained by 
solving equations that are nonlinear and transcendental in nature [59]. Equation (4.3) 
shows the nonlinear equations that must be solved to eliminate low order harmonics such 
as the 5
th
, 7
th
, etc. In (4.3), N-1 harmonics are set to zero and a value is assigned to 
Fourier coefficient a1 for output voltage control. The solutions to (4.3) must satisfy the 
criteria given by (4.5) 
 





 

N
k
k
k
n n
n
a
1
)cos()1(21
4


      (4.1) 
 0nb         (4.2) 
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 NNx  oddfor  231          (4.4) 
 
2
...321

  N        (4.5) 
 Therefore, the first step to obtain the switching functions for the AC-AC 
converters is to select the harmonics to be eliminated from the switching function (which 
will also be eliminated from the utility input current). After this determination is done, a 
set of equations similar to (4.3) must be solved. Once the equations are solved, a bipolar 
switching function is constructed from the switching angles. This switching function will 
be associated with phase “a”. Bipolar switching functions associated with phase “b” and 
“c” are obtained by shifting the obtained angles by -120° and +120° respectively. Figure 
4-3 shows an example of bipolar switching functions (Sa, Sb, Sc) used eliminate the 5
th
, 
7
th
, and 11
th
 harmonic and to set the Fourier coefficient a1 to 1. The FFT of these 
switching functions are shown in Figure 4-4 confirming the elimination of the selected 
harmonics and the amplitude of the fundamental component. These functions however 
do not represent the desired utility input current waveforms. A set of unipolar switching 
functions (S1, S2, S3) are obtained as follows: 
 ba SSS 1         (4.6) 
 cb SSS 2         (4.7) 
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 ac SSS 3         (4.8) 
 
 
Figure ‎4-3: Bipolar functions built using the solved switching angles. 
 
 
Figure ‎4-4: Frequency spectrum of the bipolar switching functions. The selected harmonics are 
eliminated (i.e. 5
th
, 7
th
, and 11
th
). Triplen harmonics are present. 
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These unipolar switching functions are shown in Figure 4-5 and have the desired 
harmonic content and correspond to the desired utility input current waveforms. Thus, 
the addition of these three switching functions adds to zero for balanced operation. The 
frequency spectrum of these functions is shown in Figure 4-6. It is shown that the 
tripplen harmonics are eliminated due to the subtraction of the bipolar switching 
functions. To obtain a HF link, these unipolar switching functions are multiplied with a 
HF square wave. The product of these functions (seen in (4.9-4.11)) yields the gating 
functions for the semiconductor devices in the AC-AC converters. For example, when Fa 
is positive the switching devices S1 and S2 conduct, and when Fa is negative the 
switching devices S3 and S4 conduct. Similarly, Fb and Fc determine the conduction state 
of the AC-AC converters connected to phase “b” and “c” respectively. When 
determining the gating signals, the switching function introduced by the single-phase 
diode rectifier in the AC-AC converters must also be taken into account. 
 
 swa SSF  1         (4.9) 
 swb SSF  2       (4.10) 
 swc SSF  3       (4.11) 
 
By switching in this manner, a three-phase HF AC link is produced at the output 
of the AC-AC converters with simultaneous elimination of the selected input current 
harmonics. 
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Figure ‎4-5: (a)-(c) Unipolar switching functions obtained by subtraction of the bipolar switching 
functions; (d) HF square wave switching function. 
 
 
Figure ‎4-6: FFT of unipolar switching functions. The selected harmonics are eliminated. Tripplen 
harmonics cancel due to 120° phase shift. 
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4.2.2 Three-Phase HF Transformer 
The output of the AC-AC converters is interfaced to a three-phase HF 
transformer. The HF transformer is envisioned to be a five-limb transformer similar in 
structure to the transformer shown in Figure 3-3, albeit different core dimensions. The 
transformer has three primary windings and three secondary windings with a 1:1 turns-
ratio. Therefore, the transformer is simple in terms of number of windings and 
connections. The secondary windings are delta-connected to ensure that the voltages 
across the transformer windings add to zero. With the programmed PWM modulation 
scheme described previously, there are instances in which the gating signal Fa is equal to 
zero. At this instant the switching devices in the AC-AC converter remain open and the 
voltage VpriA is determined by the voltages VpriB and VprimC. 
4.2.3 Six-Pulse Diode Rectifier and Output Voltage Analysis 
The transformer secondary side is interfaced to a six-pulse diode rectifier as 
shown in Figure 4-1. The diodes are passive and conduct based on the amplitude of the 
secondary side line-to-line voltages. The diodes must be able to switch at the operating 
frequency (i.e. 20 kHz) and must have a fast recovery time to avoid switching losses. 
 The rectified output voltage of the six-pulse diode rectifier is given by (4.12). 
This is the same expression as the output voltage produced by the simple diode rectifier 
in (4.1), except that S1, S2, S3 refer now to the unipolar programmed PWM switching 
functions. This result is expected because the utility input currents of the PWM rectifiers 
have the same harmonic content as S1, S2, and S3.  
 cnbnanrec VSVSVSV 321       (4.12) 
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When the utility line-to-neutral voltages are multiplied with the unipolar 
switching functions a DC component is produced. The DC component of the voltage Vrec 
is given by (4.13). Note that this relation considers a 1:1 ratio of the transformer 
windings. It is observed that the output DC component is proportional to the 
fundamental component a1. Therefore, the output voltage is controlled by changing the 
amplitude of this component, albeit different switching angles must be obtained for a 
different a1. 
 
LLavgrec VaV  2
4
3
1,
     (4.13) 
4.2.4 Passive Components 
The passive components in the proposed PWM rectifier include the input and 
output filter. Numerous studies have been done on input filter design [62], [63], [64]. 
Due to simplicity a second order LfCf input filter design is commonly used in three-phase 
AC-DC rectifier systems [62]. The per-phase equivalent circuit is shown in Figure 4-
7(a). The converter is modelled as a source of current harmonics. The first significant 
harmonic of the current source Ih will be the next odd non-tripplen harmonic not 
eliminated by the switching function. For example, if the 5
th
, 7
th
, and 11
th
 harmonics 
were eliminated by the switching functions, the first significant harmonic of Ih would be 
the 13
th
 harmonic. The circuit in Figure 4-7(a) can be represented as in Figure 4-7(b) for 
the harmonic frequencies. Ideally, the fundamental component I1h should be zero. In 
practice, the fundamental component I1h should be much smaller compared to Ih.  
From Figure 4-7(b) it is evident that the amplitude of the fundamental component 
I1h can be obtained by current division as given by (4.14). It is also evident that the 
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magnitude of ZL must be much higher than the magnitude of Zc at the desired first 
significant harmonic frequency. In this manner, the first significant harmonic will flow 
through the filter capacitor and a small amount will be present in the utility input current. 
Another important relation for the input filter design is the cut-off frequency as given by 
(4.15). The cut-off frequency must be less than the frequency of the first significant 
harmonic. 
 
ffLc
C
h
h
CLsZZ
Z
I
I
2
1
1
1



      (4.14) 
 
ff
offcut
CL
f
2
1
      (4.15) 
 
 
Figure ‎4-7: (a) Per-phase equivalent circuit with second order input filter. (b) Representation of per-
phase equivalent circuit for current harmonics. 
  
4.2.5 Design Example (Elimination of 5
th
, 7
th
, 11
th
, and 13
th
 Harmonics) 
 To demonstrate the functionality of the proposed PWM rectifier a design 
example rated at 480 Vl-l, 500Vdc, 50 kW is considered. The harmonics eliminated from 
the input current are selected to be the 5
th
, 7
th
, 11
th
, and 13
th
. The amplitude of the 
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fundamental component a1 is varied from 0.5 to 1.15 for output voltage control. 
Different angle solutions are obtained for each a1 and are listed in Table 4-1. The 
calculated output DC component for each a1 is also given in the table. For this particular 
example N=5 (i.e. four harmonics eliminated and an additional angle for voltage 
control). Therefore the number of equations set to zero is equivalent to: 
 41N      (4.14) 
Similarly, x1 is given by: 
 13231  Nx       (4.15) 
  The equations solved for a1=1.15 are given by (4.16). These equations are solved 
in MATLAB using the fsolve function. Using this function gives angle solutions in a fast 
manner. An initial guess of the angles must be given to the function in order to perform 
the calculations. The initial guess must satisfy relation (4.5). 
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Table ‎4-1: Switching angle solutions for varying modulation index. 
a1 Switching angles Vrec, avg (V) 
1.15 α1=7.89°, α2=22.54°, α3=25.64°, α4=76.93°, α5=77.91° 585 
1.0 α1=7.05°, α2=24.39°, α3=29.83°, α4=69.83°, α5=73.25° 509 
0.9 α1=6.40°, α2=24.40°, α3=31.28°, α4=68.45°, α5=73.56° 458 
0.8 α1=5.73°, α2=24.15°, α3=32.49°, α4=67.33°, α5=74.12° 407 
0.7 α1=5.05°, α2=23.76°, α3=33.57°, α4=66.31°, α5=74.77° 356 
0.6 α1=4.36°, α2=23.29°, α3=34.58°, α4=65.35°, α5=75.48° 305 
0.5 α1=3.65°, α2=22.78°, α3=35.54°, α4=64.42°, α5=76.21° 255 
 
 For a1 = 1.15, the DC component of the rectified voltage is 585V. Thus, for 500V 
operation the turns-ratio of the transformer must be adjusted by a factor kt given by: 
 855.0
V 585
V 500
tk       (4.16) 
 The ratings of the semiconductor devices are listed in Table 4-2. The voltage 
ratings are normalized using the line-to-line voltage VLL while the current ratings are 
normalized using the output current Id. A power factor, pf, of 0.97 is assumed. For 50kW 
operation, the output current Id is: 
 A. 100
V

dc
o
d
P
I       (4.17) 
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Table ‎4-2: Semiconductor device ratings for the proposed PWM rectifier. 
Component 
 
Parameter 
 
Expression 
 
P.U. Value 
Design 
Value (50 
kW) 
AC-AC 
converter 
(single-phase 
rectifier diodes) 
peak voltage 
LLV
3
2
 0.816 392 V 
peak current dt Ik  tk1  85 A 
rms current dt I
pf
a
k
24
61  dt I
pf
a
k
24
61  43.6 A 
AC-AC 
converter (full-
bridge inverter 
IGBTs) 
peak voltage 
LLV2  tk  1.414kt 580 V 
peak current dt Ik  tk1   85 A 
rms current dt I
pf
a
k
24
61  dt I
pf
a
k
24
61  43.6 A  
6-Pulse Diode 
Rectifier 
peak voltage 
LLV2  tk  1.414kt 580 V 
peak current Id 1 100 A 
rms current 






4
1
12
2 

dI  0.57 57 A 
 
The VA rating of the three-phase HF transformer is listed in Table 4-3. The 
voltage and current expressions are given for a1=1.15. The expressions vary slightly for 
different modulation indices but the transformer VA rating is the same. From 
calculation, the transformer VA rating is 1.77Po. The turns-ratio of the transformer is 
assumed to be 1:1.  
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Table ‎4-3: HF ferrite core transformer VA rating for PWM rectifier. 
HF Ferrite Core Transformer VA rating 
Primary Side 
Winding 
Voltage 
expression (rms) dcLL
VV 74.09.0   
Current 
expression (rms) 
dI8.0  
Secondary 
Side Windings  
Voltage 
expression (rms) dcLL
VV 74.09.0   
Current 
expression (rms) d
I8.0  
VA rating calculation 
ddcdLLdLLtot IVIVIVVA 54.332.42)8.09.0(3 
oddctoteq PIVVAVA 77.177.1
2
1
  
 
4.3 Simulation Results 
The design example in sub-section 4.2.5 was simulated in PSIM. The design 
parameters are listed in Table 4-4. The obtained simulation results are in accordance 
with the analysis and calculations. 
 
Table ‎4-4: Operating conditions for simulation in PSIM 
Grid line-to-line voltage (rms) 480 V 
Grid frequency 60 Hz 
Output Power 50 kW 
Output dc voltage 500 Vdc 
Switching frequency (fsqr) 20 kHz 
Fundamental component a1 1.15 
Transformer turns-ratio 1:kt 1 : 0.85 
Input filter inductor (Lf) 750 μH (0.06 p.u) 
Input filter capacitor (Cf) 150 μF 
Output Inductor (Lout) 5 mH (0.41 p.u) 
Output Capacitor (Cout) 2.2 mF 
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Figure 4-8 shows the unipolar switching functions obtained by using the 
switching angles in Table 4-1 for a1= 1.15. As expected, these unipolar switching 
functions add to zero. Figure 4-9 shows the corresponding frequency spectrum of the 
unipolar switching functions. The fundamental component amplitude is √3*1.15 due to 
line-to-line operation.  Also the 5
th
, 7
th
, 11
th
, and 13
th
 harmonic are eliminated from the 
switching function and the first dominant harmonic is the 17
th
 as expected.  
These switching functions are multiplied with a HF (20 kHz) square wave to 
determine the gating signals for the AC-AC converter. The three-phase HF AC link 
across the transformer windings is shown in Figure 4-10. The HF nature of the AC link 
is evident. The voltages have two envelopes, one is the line-to-neutral voltage and the 
other is the line-to-line voltage associated with the other two windings as explained in 
sub-section 4.2.2. The FFT of voltage VpriA is given in Figure 4-11, the fundamental 
voltage components appear near 20 kHz which means that the transformer operates at 
HF resulting in core volume reduction. The output DC voltage is shown in Figure 4-12, 
as expected the output voltage is of high quality at 506Vdc. This means that the turns-
ratio of the transformer must be slightly adjusted to get 500Vdc but it is a trivial matter. 
Figure 4-13 portrays the current through diode D1 in the AC-AC converter connected to 
phase “a”. The simulated peak value is 85A and the simulated rms current is 44A as 
calculated in the design example. 
The functionality of the proposed PWM rectifier is further confirmed by the 
unfiltered utility line currents as shown in Figure 4-14. This figure shows that the 
unfiltered currents have the same shape as the unipolar switching functions in Figure 4-
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8. Therefore, it is expected for the unfiltered utility line currents to have an equivalent 
frequency spectrum as the unipolar switching functions. Indeed, the FFT of the 
unfiltered line currents in Figure 4-15 shows that the 5
th
, 7
th
, 11
th
, and 13
th
 harmonics are 
eliminated. The first significant harmonics appear at 1020 Hz and 1140 Hz. The 
magnitudes of these harmonics are 21% and 30% from the fundamental respectively. 
Therefore, the role of the input filter is to reduce the amplitude of these harmonics in the 
utility line currents. Figure 4-16(a) shows the filtered utility line input current Ia along 
with the utility line-to-neutral voltage; high power factor operation is observed. The 
effectiveness of the filter is evident from Figure 4-16(b) which shows the FFT of Ia. 
After the filter, the magnitudes of the 17
th
 and 19
th
 harmonics are greatly reduced. The 
magnitudes of the 17
th
 and 19
th
 harmonic are reduced to 5% and 5.8% of the 
fundamental respectively. The simulated THD of Ia is 8.4%. 
 
 
Figure ‎4-8: (a)-(c) Unipolar switching functions used to eliminate 5th, 7th, 11th, and 13th harmonic and 
to set a1=1.15.‎Angles‎are‎α1=7.89°,‎α2=22.54°,‎α3=25.64°,‎α4=76.93°,‎α5=77.91°. 
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Figure ‎4-9: (a)-(c) FFT of unipolar switching functions confirm the desired performance. Harmonics 
5
th
, 7
th
, 11
th
, and 13
th
 are eliminated. 
 
 
Figure ‎4-10: (a)-(c) High frequency three-phase AC-link; AC-AC converter output voltages. 
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Figure ‎4-11: FFT of voltage VpriA. The fundamental voltage components appear at 20 kHz. 
 
 
Figure ‎4-12: High quality DC output voltage at 506V. 
 
 
Figure ‎4-13: AC-AC converter single-phase diode rectifier current. Peak value is 85 A and rms 
value is 44 A confirming design calculations. 
 
 145 
 
 
Figure ‎4-14: (a)-(c) Unfiltered line input currents. These currents are equivalent in shape to the 
unipolar switching functions in Figure 4-7. 
 
 
Figure ‎4-15: FFT of unfiltered input currents. The harmonic content matches the desired 
performance. The 5
th
, 7
th
, 11
th
, and 13
th
 harmonics are eliminated.  
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Figure ‎4-16: (a) Utility line-to-neutral voltage Van and line input current Ia after filter. Simulated 
power factor is 0.97 and simulated current THD is 8.4%. (b) FFT of line current Ia. Note the absence 
of the eliminated harmonics. The amplitude of the first two significant harmonics is reduced due to 
filter operation. 
 
 Using the obtained angles in Table 4-1, the PWM rectifier was simulated for 
different modulation indices. The modulation index a1 was varied from 0.5 to 1.15. 
Figure 4-17 shows the relationship between the output DC component and the 
modulation index. It is shown that the relation is linear. This also shows that the output 
voltage can be regulated but different switching angles must be obtained. The obtained 
values are in accordance with the calculated values. Note that the kt was set to one. 
 Figure 4-18 shows the second order distortion factor (DF2) as a function of a1. 
The DF2 represents the harmonic attenuation of a second order Lf-Cf filter. The DF2 is 
defined as [59]:  
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 A low DF2 is desired. As a1 decreases, the DF2 increases because the amplitude 
of the fundamental is decreasing relative to the harmonics amplitude. The best DF2 is 
therefore obtained at a1=1.15 where the fundamental amplitude is maximum. 
 
 
Figure ‎4-17: Output DC component vs. modulation index a1. 
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Figure ‎4-18: Distortion factor DF2 vs. modulation index a1. 
 
4.4 Efficiency Analysis 
The efficiency of the proposed PWM rectifier is analyzed using PLECS thermal 
models, similar to the efficiency analysis of the proposed system in Section 3. In fact the 
same semiconductor devices listed in Table 3-4 were used to perform the efficiency 
analysis of the proposed PWM rectifier for 50 kW operation. The relevant curves used in 
the thermal models are given in Appendix A. The parameters listed in Table 4-3 were 
also used in the PLECS simulation. 
 The recorded switching and conduction losses of the semiconductor devices are 
shown in Figure 4-19. The majority of the losses come from the active devices in the 
AC-AC converter. Within the active devices of the AC-AC converters, the conduction 
losses amount to 1 kW, while the conduction losses amount to 850 W. The conduction 
losses of the single-phase diode rectifiers within the AC-AC converters are equal to 610 
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W. The output six-pulse rectifier has conduction losses of 387 W. The switching loss of 
the diodes is negligible due to their fast recovery time. 
 Figure 4-20 shows the power loss breakdown for the PWM rectifier. The 
conduction losses account for 70% of the system’s overall losses. Meanwhile, the 
switching losses account for 29% of the total losses. The transformer losses are assumed 
to be 1% because of the efficiency of ferrite materials at 20 kHz. The transformer 
designed in Section 6 supports this assumption. Based on these results, the efficiency of 
the PWM rectifier at 50 kW operation is 94%. This is the same efficiency obtained for 
the proposed three-phase HF 12-pulse rectifier in Section 3. 
 
 
Figure ‎4-19: Switching and conduction losses for 50 kW design example of PWM rectifier. 
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Figure ‎4-20: 50 kW design example power loss breakdown, 94% efficiency is achieved. 
 
4.5 Conclusion 
 This section presented a three-phase AC-DC PWM rectifier with HF isolation. 
Using a selective harmonic elimination modulation scheme, the utility input current low 
order harmonics are eliminated. The analysis of the proposed rectifier was studied in 
detail. A design example rated at 50 kW demonstrates the elimination of the 5
th
, 7
th
, 11
th
, 
and 13
th
 harmonic from the utility line input current. Detailed simulation results 
demonstrate the functionality of the system. The main advantages of this PWM rectifier 
include improved utility current THD, high power density, and output voltage control 
with over-modulation. 
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5. BIDIRECTIONAL MATRIX CONVERTER BASED THREE-PHASE AC-
DC RECTIFIER FOR ELECTRIC VEHICLE DC FAST CHARGING† 
A series resonant matrix converter (MC) based topology for high power electric 
vehicle (EV) battery charging is presented in this section. The system performs DC fast 
charging and is capable of bidirectional power flow, for V2G (vehicle-to-grid) 
applications. The proposed topology can be divided into three sections: (i) a front-end 
3x1 matrix converter, (ii) LrCr series resonant tank and high frequency (HF) transformer, 
and (iii) a single-phase PWM rectifier. The MC takes a three-phase line frequency 
voltage and produces a high frequency (14.94 kHz) AC output. The resonant tank 
frequency is set to 13.7 kHz and helps to achieve zero voltage switching (ZVS) turn ON 
and low turn OFF switching losses. The secondary of the transformer is then interfaced to 
the EV battery bank through a PWM rectifier.  
The advantages of such a system include high efficiency due to soft switching 
operation, low VA transformer ratings due to resonant operation, and high power density 
due to the absence of electrolytic capacitors. A design example rated 30 kW, which 
charges a 500 V battery system, is presented. Analysis and simulation results 
demonstrate the performance of the proposed bidirectional topology. Preliminary 
experimental results are provided for a scaled down prototype operating at 500 W using 
a 15 kHz ferrite transformer. 
                                                 
†
Part of this section is reprinted with permission from: 
1.  © 2015 IEEE. Part of this section is reprinted, with permission, from Sandoval, J.J; Essakiappan, 
S.; Enjeti, P.N,. “A Bidirectional Series Resonant Matrix Converter Topology for Electric 
Vehicle DC Fast Charging,” 2015 IEEE Applied Power Electronics Conference and Exposition 
(APEC), March 2015. 
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5.1 Introduction 
 The proposed three-phase AC-DC rectifier systems introduced in the previous 
Sections are unidirectional in nature. In these topologies, power flows only from the 
utility grid to the load. There are however some applications that require bidirectional 
power flow capability. In bidirectional systems power flows in both directions (i.e. from 
source to load and from load to source). Recently, there has been a growing interest to 
develop electric vehicle chargers with bidirectional capability. Indeed, the motivation to 
become more independent of fossil fuels, and provide cleaner personal transportation 
alternatives has led to increased production of plug-in electric (PEV) and electric 
vehicles (EV). With initiatives such as the EV Everywhere Grand Challenge, it is 
expected that PEVs and EVs will play a significant role in the personal transportation 
sector [65]. To achieve greater market penetration of these technologies, improvements 
have to be made in batteries, electric drivetrain systems and charging infrastructure. 
It is well known that the acceptance of EVs by consumers is deeply affected by 
charging times [66], [67], [68]. The ability to fully charge the batteries in long-range 
EVs, within a reasonably short period of time is crucial to accelerate mass adoption. This 
opens up a wide window of research opportunities in battery fast-charging power 
electronic topologies. Such topologies must be highly efficient, highly reliable, and cost-
effective, in addition to having very high input power quality. 
V2G (Vehicle-to-Grid), or bidirectional power flow capability, is another facet of 
the burgeoning EV charging infrastructure. The motivations for V2G and its benefits 
have been comprehensively identified before, [69, 70], including: improved and reliable 
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utility supply, better load following, revenue potential for the vehicle owner, and 
renewables capacity firming. Employing DC fast charging topologies for V2G 
applications has been increasingly of interest to researchers. As of date of this 
publication, technology validation of V2G using DC fast chargers has been performed 
[71], [72]. In addition, pilot programs using multiple V2G – DC fast chargers are in 
progress [73]. As V2G – DC fast chargers become mainstream, the development of high-
efficiency, highly compact bidirectional systems becomes crucial. 
DC fast charging topologies have been previously proposed in [74], [75] which 
use simple topologies or easy-to-use control systems. Various high power density 
solutions which achieve high power factor operation are presented in [5]. However, they 
often use electrolytic capacitors on the DC link potentially decreasing the reliability of 
the system [76], and they lack bidirectional power flow capability. In [77], a matrix 
converter based topology is proposed eliminating the need for an electrolytic capacitor 
while achieving power quality and bidirectional power flow. Nonetheless, this topology 
uses 12 semiconductor devices operated in hard switching mode, which leads to a 
decrease in the system efficiency due to switching losses.  
The proposed MC based battery charging topology seeks to overcome the 
limitations of existing solutions by employing soft switching techniques and being able 
to perform V2G power transfer. The proposed architecture has many advantages: 
 Bidirectional high power flow between utility grid and battery bank for V2G. 
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 Soft switching of MC semiconductor switches greatly reduces turn on and turn 
off losses, increasing system efficiency, even though the topology still uses 12 
semiconductor devices in the front-end converter. 
 The use of an LrCr resonant tank leaves the transformer to process only selected 
frequencies, thereby decreasing its VA rating requirement. 
 Direct AC-AC conversion via MC eliminates the need for electrolytic capacitors 
and potentially increases reliability and power density of the system. 
 The use of high frequency (HF) transformer also increases power density, while 
providing galvanic isolation. 
 
5.2 Proposed Matrix Converter Topology for DC Fast Charging 
 
Figure ‎5-1: Proposed series resonant MC topology for EV battery charging. MC semiconductor 
switches are turned ON at zero voltage and turned OFF at low currents. This topology is capable of 
bidirectional power flow between the grid and battery bank. 
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The proposed topology for EV battery charging uses a high frequency 
transformer for power processing as shown in Figure 5-1. The design of this topology 
can be divided into the following sub-sections: 3x1 matrix converter, LrCr resonant tank 
and HF transformer, and a single-phase PWM rectifier. 
5.2.1 3x1 Matrix Converter Modulation Scheme 
The three-phase utility grid is interfaced to the MC via an LfCf filter. The MC 
consists of six bidirectional switches (S1-S6) as shown in Figure 5-1. The converter takes 
a line frequency three-phase sinusoidal input voltage and delivers a high frequency 
quasi-square wave output. S1-S6 are capable of operating in all four quadrants of the V-I 
plane by virtue of their construction. 
Different modulation techniques for the 3x1 MC have been studied in [77], [78], 
[79], [80]. The modulation technique proposed for this topology has been described as 
follows. A unipolar SPWM switching function, SAB, is obtained from two bipolar 
SPWM signals, PWMA and PWMB (SAB = PWMA - PWMB). The resulting SAB, seen in 
(5.1), is then multiplied by a square wave switching function Sinv, seen in (5.2), to 
produce the resultant switching function of leg one of the MC, as illustrated in Figure 5-
2. This resultant switching function F1 of the bidirectional switch S1 is the product of 
unipolar SPWM and a square wave with high frequency fsq, as seen in (5.3). 
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Figure ‎5-2: (a) PWMA obtained by comparing a high frequency (14.94 kHz) carrier wave with a line 
frequency sinusoidal modulating function. (b) PWMB obtained as in (a) but modulating function has 
a 120° phase shift. (c) Switching function SAB is the subtraction PWMA-PWMB. (d) Sinv is a high 
frequency square wave switching function. This frequency determines the output frequency of the 
MC (e) Overall switching function is the product of SAB and Sinv. 
 
 Unipolar switching functions SBC and SCA are shifted 120° and 240° (of the line 
frequency) respectively compared to SAB. Switching functions F2 and F3 are the products 
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of SBC and SCA with Sinv respectively (seen in (5.4) and (5.5)). From switching functions 
F1-F3, the gating signals for the devices S1-S6 are obtained. When F1 is positive S1 is 
turned ON, and when F1 is negative S4 is turned ON. Similarly F2 and F3 determine the 
gating signals for the devices in the second and third half-bridges in the matrix converter 
respectively. There are instances where F1, F2 and F3 are all zero simultaneously. During 
these zero states one of the three half-bridges is shorted to provide a freewheeling path 
for the transformer current. Hence the output of the MC is described by (5.6), where Van, 
Vbn and Vcn are the utility line-to-neutral voltages. The fundamental component of the 
voltage produced by the MC is given by (5.7). 
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Using this modulation method, only two of the six bidirectional devices conduct 
at any given time. In fact, the operation of the MC can be divided in six intervals as 
shown in Figure 5-3. Each interval is determined by the magnitudes of the utility grid 
line-to-line voltages. For example, interval one occurs when the most positive line-to-
line voltage is Vab. Similarly, interval two occurs when the most positive line-to-line 
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voltage is Vac and so on. Within each interval, the MC behaves as two alternating full 
bridge converters. For instance, in interval one the current commutates between (leg 1 & 
leg 2) of the MC and also between (leg 1 & leg 3) of the MC as shown in Figure 5-4. 
Thus, in this interval, the possible voltages produced by the MC are Vab, Vba, Vca, Vac, 
and 0 for the freewheeling state. Since these voltages are being modulated with a HF 
square wave, the output of the MC has a quasi-square wave nature. 
 
 
Figure ‎5-3: Operating intervals of MC. Every 60°, the MC behaves as two alternating full bridge 
converters. 
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Figure ‎5-4: Operation of MC in interval 1. The current commutates between two full bridge 
converters. Leg 1 and leg 2 form one full bridge converter while leg 1 and leg 3 form a second one. 
This sequence repeats within interval 1 at the switching frequency of the MC. 
 
5.2.2 Resonant Tank and High Frequency Transformer 
 An LrCr resonant tank is connected across the output of the MC in series with the 
HF transformer primary. The resonant tank frequency is set to 13.7 kHz and helps to 
achieve ZVS turn ON conditions and low turn OFF switching losses. The resonant 
capacitor Cr also serves to block any DC voltage preventing core saturation. The square 
wave frequency, fsq, used for modulation of the MC is set above the resonant frequency 
of the LrCr tank which is given by (5.8). 
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 Since the output of the MC is a quasi-square wave with frequency close to 
resonance, the current through the filter tank, Ir, has a sinusoidal nature with frequency 
fsq. The magnetizing inductance of the transformer does not play a role in the resonance 
of the tank but it has an effect on the voltage across the primary. The fundamental 
component of the voltage across the primary is given by (5.9), where where Req is 
effective impedance referred to the primary side. XLm, XCr, XLr are the reactances of the 
magnetizing inductance, resonant tank capacitor, and resonant tank inductor 
respectively. 
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 The dependency of voltage gain of the series resonant tank on operational 
frequency is shown in Figure 5-5. The normalized frequency fn is the ratio of the 
operating square wave frequency fsq to the resonant frequency fr. As anticipated, the 
voltage gain is unity at resonant frequency, since the resonant tank impedance is at a 
minimum at this frequency and the resistance component is dominant. It can also be 
observed that operating above resonance, the voltage gain is less than unity. 
  An HF transformer was designed for a 500 W scaled-down prototype. Due to its 
low cost and moderate power loss [23], a ferrite magnetic core material is selected. To 
avoid saturation, the operational magnetic flux density of the selected core is limited to 
0.25 T and the magnetic flux intensity to 60 Am
-1
. At this operating point, the magnetic 
permeability of the core is 0.004 Hm
-1
. The characteristics of the ferrite core chosen for 
this application are given in Table 5-1. 
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Figure ‎5-5: Voltage gain-frequency curves of series resonant tank. Operating above resonance yields 
a gain < 1. Furthermore, operating above the resonant frequency enables ZVS turn ON and low turn 
losses. 
 
Table ‎5-1: Ferrite core characteristics 
Core type 3C85 
Maximum flux density, Bmax 0.4 T at 25 °C 
Effective cross sectional 
area, Ae 
0.000625 m
2
 
Effective magnetic path 
length, le 
0.42 m 
Power loss, Pv 150 W m
-3
 at 15 kHz 
Density 4800 kg m
-3
 
 
  In order to determine the number of turns in the primary side (Npri), the 
relationship shown in (5.10) is used. The number of turns in the primary is set to 30 
which achieves 281V on the primary side. The expected magnetizing inductance is 
determined by (5.11). The magnetizing inductance of the designed transformer was 
calculated to be 6.7 mH. The worst case magnetizing current (im) for an applied voltage 
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of 300 V is 0.5 A. The magnetic field intensity is found by (5.12). The value at this 
operating point is calculated to be 32 A m
-1
 which is below the 60 A m
-1
 saturation limit. 
 fNABV primepri  4      (5.10) 
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The transformer turns ratio is a factor of the required output voltage. The 
prototype is designed for a 450 V output. Since the primary side can reach 281 V, the 
turns ratio (n1:n2) must be at least 1:1.6. In order to account for conduction losses, the 
transformer turns ratio is set to 1:1.7. Performing a transformer short circuit test, the 
leakage inductance Lleakage was measured to be 4 μH. Similarly, an open circuit test 
yielded a magnetizing inductance Lm of 4.6 mH. The resonant tank and transformer 
frequency characteristics are experimentally obtained using a frequency response 
analyzer and the results are produced. The Bode gain and phase plots are shown in 
Figure 5-6 and the impedance characteristics are in Figure 5-7. It can be verified that the 
gain reaches unity at the resonant frequency. Likewise, the resonant tank and 
transformer impedance is at its minimum when the frequency reaches resonance. The 
inductance used for the resonant tank Lr is 23 μH and the capacitance Cr is 4.3 μF. 
 
 163 
 
 
Figure ‎5-6: Frequency response of resonant tank and high frequency transformer showing a notch-
filter type performance. The gain reaches unity (0 dB) at the resonant frequency as expected and 
other frequencies are attenuated. The phase approaches zero as the frequency gets close to 
resonance. (Lr=23‎μH,‎Cr=4.3‎μF,‎Lleakage=4‎μH,‎Lm=4.6mH). 
 
 
Figure ‎5-7: Impedance characteristic of resonant tank and high frequency transformer. As 
expected, the impedance reaches its minimum value at the resonant frequency. 
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5.2.3 Single-Phase PWM Rectifier 
The LrCr resonant tank is interfaced to a single-phase PWM rectifier via the HF 
transformer. The single-phase PWM rectifier is operated in close loop to regulate the 
battery current, Ibattery. The rectifier is operated with square wave PWM at the same 
frequency as fsq. The power transfer is determined by the phase angle difference between 
the secondary winding voltage and the voltage imposed by the rectifier, akin to a dual 
active bridge operation. The current flowing through the secondary of the transformer is 
a high frequency sinusoid; for grid to vehicle (G2V) operation when the current is 
positive the antiparallel diodes of S1_rect and S2_rect conduct, when the current is negative 
the antiparallel diodes of S3_rect and S4_rect conduct. For V2G operation, the corresponding 
IGBTs perform current conduction. 
 
5.3 Design Example and Simulation Results 
A 30 kW fast-charging design example for a 500 V battery is considered, to 
demonstrate the operation of the proposed bidirectional series resonant MC in Figure 5-
1. The parameters in Table 5-2 were used for analysis and simulation.  
Simulations of the proposed topology in Figure 5-1 are performed for two modes 
of operation: (A) G2V (Grid-to-vehicle mode, charging), in which power flows from the 
utility grid to the vehicle’s battery bank, (B) V2G (Vehicle-to-grid mode, discharging), in 
which power flows from the battery bank to the utility grid. G2V mode is operated at a 
maximum power of 30 kW and V2G mode processes a maximum of 15 kW. The 
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analysis is performed both in steady state and in transient between the two operating 
modes. 
Table ‎5-2: Specifications and operating conditions user for series resonant MC design example 
Grid voltage (line-to-line rms) 480 V 
Battery open circuit voltage (OCV) 500 Vdc 
Rated power 30 kW 
Square wave switching frequency (fsq) 14.94 kHz 
Resonant tank frequency (fr) 13.7 kHz 
Resonant Inductor (Lr) 240 μH 
Resonant Capacitor (Cr) 0.56 μF 
 
5.3.1 Grid-to-Vehicle (G2V) Mode of Operation 
In this mode of operation, the utility grid supplies power to the EV battery bank. 
The battery voltage and battery current in simulation are shown in Figure 5-8. It can be 
observed that the battery current has very low ripple, with an AC rms value less than 1 
A. Figure 5-9(a) shows the line-to-neutral voltages and Figure 5-9(b) shows the input 
line currents; the line-to-neutral voltages and the line currents are in phase achieving 
high displacement power factor. In addition, the THD of the input currents is less than 
3%, which makes the system power factor very close to unity.  
The output voltage of the 3x1 MC and the resonant tank current, Ir, are shown in 
Figure 5-10(a). The quasi-square wave nature of the voltage can be appreciated. It can 
also be observed that the current lags the voltage, as one would expect from the 
inductive nature of the tank at above-resonance operation. The sinusoidal nature of the 
 166 
 
current Ir can be observed. The frequency spectrum of the matrix converter voltage and 
the resonant tank current, seen in Figure 5-10(b), show the fundamental component at 
14.94 kHz as expected. Furthermore, the HF transformer only processes the selected 
frequency (14.94 kHz) which contributes to a reduction of its VA rating. 
Soft switching operation of the topology can be appreciated from Figure 5-11, 
which shows the current through one of the four-quadrant switching devices and the 
voltage across that device. From the figures, it is evident that the antiparallel diode of a 
switch conducts before the switch. This means that the switch is turning ON at zero 
voltage. Similarly, the device turns OFF at zero voltage. Similar ZVS operation may be 
observed in all other switching devices. 
A step response of the battery current, Ibattery, is obtained to verify the robustness 
of the control strategy. The battery current reference is changed from 60 A to 30 A in a 
rapid manner, which is not expected in real world EV charging system. However this 
helps to verify the controller performance. The battery voltage and battery current during 
this transient are shown in Figure 5-12. The battery voltage shown here is the terminal 
voltage of the battery, which includes voltage drops across the battery equivalent 
resistance, hence it displays a step change when the charging current is changed. It may 
also be seen that the phase angle between the transformer secondary voltage and the 
input terminal voltage of the PWM rectifier is changed by the controller in response to 
the step change in the battery current reference. Figure 5-13 shows the line input currents 
during the step response, decreasing in amplitude in a smooth manner. Figure 5-13 also 
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shows the simulated power factor which remains at unity and only displays a very short 
reduction during the transient. 
 
 
Figure ‎5-8: Battery current (60 A) and voltage (500 V) shown in charging (G2V) mode. The output 
power is 30 kW. The battery current has negligible ripple with an AC rms < 1 A. 
 
 
Figure ‎5-9: (a) Line-to-neutral input voltages. (b) Line input currents (rms 36 A). It can be observed 
that the line currents are in phase with the line-to-neutral voltages. Simulated power factor is 0.99 
and simulated THD of the currents is less than 3%. 
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Figure ‎5-10: (a) Output voltage of matrix converter and resonant tank current. The square wave 
nature of Vmx can be observed. (b) The FFT of Vmx and Ir show the high frequency operation of the 
transformer. The transformer responds only to the resonant frequency. The LrCr tank blocks all 
other components since it presents higher impedance to all other frequencies. 
 
 
 
Figure ‎5-11: Soft switching operation of the semiconductor S1_upper. The device turns ON and OFF at 
zero voltage. Other semiconductor devices operate in similar manner. The device VCE voltage 
reaches the amplitude of the line-line voltage. Note the absence of ringing in VCE due to soft-
switching. 
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Figure ‎5-12: (a) Battery terminal voltage, (b) Battery charging current, and (c) Phase angle between 
secondary voltage and rectifier input terminal voltage. The phase angle is changed in response to the 
current reference change. 
 
 
Figure ‎5-13: Three-phase line input currents and measured input power factor during transient. 
The input current quality remains very high (less than 3% THD) and the power factor only displays 
a short reduction during transient. 
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5.3.2 Vehicle-to-Grid (V2G) Mode of Operation 
During this mode, the EV battery bank is supplying power to the utility grid. 
Figure 5-14 shows the battery voltage and current during discharging operation, with the 
battery current being negative, as one would expect. As in the charging mode, the battery 
current has a very low AC rms value – less than 1 A. Figure 5-15 shows the grid line-to-
neutral voltages and the input line currents. It can be noted that the currents have a phase 
shift of 180° with respect to the line-to-neutral voltages, which demonstrates V2G 
operation. In this mode of operation, the line currents THD are also less than 5%. 
In this mode of operation, the semiconductor devices of the MC also operate 
under soft switching conditions. Figure 5-16(a) shows the VCE voltage across the upper 
switch S1 and the current Ie flowing through the device. Similarly, Figure 5-16(b) shows 
the voltage across S1_rect of the PWM rectifier. The figure shows that the device turns ON 
and OFF under ZVS conditions. 
The step response of the system as it rapidly enters discharging mode from 
charging mode is shown in Figure 5-17. The battery terminals display a predictable 
voltage drop as it enters discharging mode. The measured power factor of the system, 
which was unity in G2V mode becomes negative unity in V2G which means the input 
line currents are out-of-phase with the line-to-neutral voltages. 
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Figure ‎5-14: Battery voltage and battery current during V2G mode. As expected, the battery voltage 
drops during discharging mode and the current is negative. 
 
 
Figure ‎5-15: Line-to-neutral input voltages and line input currents. The currents are 180° phase 
shifted with respect to the voltages implying power flow to the grid. The line currents waveforms are 
of high quality, with THD less than 5%. 
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Figure ‎5-16: (a) MC device voltage and current and (b) PWM rectifier device voltage and current. 
The devices turn ON and OFF at zero voltage. The rest of the devices in the PWM rectifier exhibit 
similar operational performance. 
 
 
Figure ‎5-17: (a) Battery terminal voltage, (b) Battery current, (c) Measured power factor, as the 
system moves from G2V to V2G. The measured power factor changes from positive to negative unity 
during this transient. 
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5.4 Experimental Results 
A scaled-down prototype of the LrCr resonant tank and a HF transformer, rated at 
500 W, was built and tested in the laboratory. The resonant inductor was designed using 
an amorphous “Metglas®” core which provides low loss and high saturation flux density. 
The resonant inductor was designed to be 23 μH, so that along with the HF transformer 
leakage inductance of 4.15 μH it produces an overall inductance of 27.15 μH. The 
resonant capacitor value was calculated to be 4.2 μF. The resonant frequency of this set 
up was 14.9 kHz. The front-end converter for the resonant tank – transformer is a full 
bridge inverter. The secondary side of the HF transformer was connected to a silicon 
carbide diode rectifier. The diode rectifier has essentially zero reverse recovery losses. 
The gate drive signals for the front-end converter were generated using a Texas 
Instruments TMS320F28335 microcontroller. 
Figure 5-18 shows the resonant tank current, the voltage across the secondary 
winding, the voltage (VCE) across one of the semiconductor devices, and the current (Ie) 
through that device. The sinusoidal nature of the resonant tank current can be 
appreciated from the figure. Figure 5-19 presents a detailed version of Figure 5-18 
illustrating soft switching operation in the front-end full bridge inverter. It can be 
observed that the device turns ON under ZVS conditions and encounters a small 
switching loss during turn OFF. The switching and conduction losses in the 
semiconductor device can be observed in the the multiplication of VCE and Ie waveforms 
of the device. Figure 5-20 shows that at the switching instances the power loss is 
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minimal and conductions losses are as expected. Overall, this device is seen to have a 
loss of 2.2 W. 
 
 
Figure ‎5-18: Resonant tank current Ir (Ch3: 1 div = 10 A), HF transformer secondary voltage (Ch2: 
1 div = 250 V), device voltage VCE (Ch1: 1 div = 50 V) and device current Ie (Ch4: 1 div = 5 A). 
 
 
Figure ‎5-19: Detailed version of Figure 5-18 to appreciate the soft switching operation. The device 
current Ie (Ch.4: 1 div = 5 A) turns ON at zero voltage and the turn OFF current is low. 
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Figure ‎5-20: Multiplication of device voltage VCE (Ch1: 1 div = 50 V) and device current Ie (Ch4: 1 
div = 5 A) results in the power loss of the semiconductor device and can be observed in channel M. 
At switching instances the power loss is near-zero due to soft-switching. Conduction losses occur as 
anticipated. 
 
5.5 Conclusion 
A bidirectional series resonant MC topology for electric vehicle DC fast charging 
was introduced. The proposed topology has many advantages over existing fast charging 
architectures such as bidirectional power flow capability, ZVS turn ON and low turn OFF 
losses which increase efficiency, and high power factor operation. The operation of the 
proposed topology was described along with extensive analysis of the resonant tank. A 
design example of a 30 kW/500 V MC EV battery charger was presented and simulation 
results illustrate the operation of the proposed architecture in both G2V and V2G modes. 
Preliminary experimental results on a 500 W scaled down high frequency transformer 
and LrCr resonant tank were provided. It was demonstrated that the semiconductor 
devices operated under soft switching conditions enabling high system efficiency. The 
front-end 3x1 MC with soft switching capabilities is currently under development. 
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6. DESIGN OF TRANSFORMERS OPERATING AT MEDIUM OR HIGH 
FREQUENCY 
The three-phase AC-DC rectifier systems presented in this dissertation employ 
transformers for galvanic isolation. As stated Section 1, these transformers have an 
impact in the power density and efficiency of the overall system. Thus, a comprehensive 
analysis and design of the transformers is critical to achieve three-phase AC-DC rectifier 
systems with good performance. In this section, design procedures for transformers 
operating at medium frequency (400 Hz – 2 kHz) are explained. Similarly, this section 
explains design considerations for transformers operating at high frequency (> 5 kHz) in 
high power applications. Using these procedures different transformer designs are 
compared in terms of volume and efficiency. Finally, the designed transformers are 
modelled in Ansys Maxwell FEA software. This FEA tool validates the performance of 
the transformers and assists in making relevant conclusions about the size and losses of 
the transformers. 
 
6.1 Introduction 
As mentioned in the Section 1, when a transformer operates at line frequency 
(50/60 Hz) it tends to be bulky and negatively impacts the power density of a power 
electronics converter. The size of a transformer can be decreased by increasing its 
frequency of operation [81]. The extent to which the size of the transformer can be 
reduced is limited by efficiency requirements. Indeed, increasing the frequency of 
operation increases the transformer’s core losses and switching losses of the 
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semiconductor devices. Therefore, an appropriate design procedure is needed to achieve 
high power density without compromising the overall system’s efficiency. 
6.1.1 Magnetic Materials Characteristics  
The material selected for the core of the transformer also plays an essential role 
in the design of the transformer. The core materials used for high power applications 
include silicon-steel, ferrite, amorphous materials and nanocrystalline materials [24, 58, 
82]. The magnetic properties of several magnetic materials are given in Table 6-1 [83]. 
From Table 6-1 it can be observed that silicon steel materials have the highest saturation 
flux density. The B-H curve for silicon steel M19 material is given in Figure 6-1. A 
saturation flux density of 1.6 T occurs at a magnetic field intensity of 1500 A/m.  In the 
other hand, silicon steel materials exhibit the highest core loss density among the listed 
materials. This material is suitable for operation in the frequency range of 50 Hz – 2 
kHz.  Above this frequency range, the transformer’s efficiency deteriorates. 
 
 
Figure ‎6-1: B-H curve for silicon steel M19 at 60 Hz and 600 Hz 
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Table ‎6-1: Magnetic properties of materials used in power electronics [83]. 
  
Amorphous and nanocrystalline materials exhibit high saturation flux density 
relative to ferrite materials. The B-H curve for Amorphous Metglass 2605SA1 material 
is shown in Figure 6-2 [84]. The high permeability of this material is evident from the B-
H curve; a high magnetic field intensity of 1.4 T is achieved at a relatively low magnetic 
field intensity of 30 A/m.  Nanocrystalline materials such as FINEMET FT-3L exhibit 
even higher values of permeability. These high relative permeability values help reduce 
the size of the core when designing a transformer. Furthermore, the low core loss density 
of amorphous and nanocrystalline materials makes them suitable for high power 
operation at high switching frequencies [85]. However, the main limitation of these 
materials is their cost. The B-H curve of ferrite material 3C94 is shown in Figure 6-3 
[86]. A saturation flux density of 0.4 T occurs at a magnetic field intensity of 100 A/m.  
Material Flux Density Bs 
(T) 
Curie 
Temperature 
(°C) 
Relative 
permeability 
μr,1kHz (X 10
3
) 
Core loss Pcv 
(kW/m
3
) 
3% Silicon Steel 1.9 750 2.7 8400 
6.5 % Silicon Steel 1.3 700 1.2 5800 
Mn-Zn high 
permeability ferrite 
0.44 >150 5.3 1200 
Mn-Zn low core 
loss ferrite 
0.49 >200 2.4 680 
Fe based 
amorphous 
1.56 415 5.0 2200 
Co-based high 
permeability 
amorphous metal 
0.55 180 115 280 
Nanocrystalline 
FINEMET
®
 FT-
3M 
1.23 570 70 300 
Nanocrystalline 
FINEMET
®
 FT-3L 
1.23 570 50 250 
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Even though ferrite materials exhibit the lowest saturation flux density among the listed 
materials, ferrites still find wide application in power electronics because they have high 
resistivity limiting losses in a wide frequency range [58]. 
 
 
Figure ‎6-2: B-H curve for amorphous Metglass 2605SA1 material [84]. 
 
 
Figure ‎6-3: B-H curve for ferrite 3C94 material [86]. 
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Figure 6-4 shows a comparison of power loss curves for different materials [87]. 
The figure plots the volumetric power loss density against flux density for core materials 
operating at 20 kHz [87]. The lowest amount of volumetric power loss density is 
exhibited by Vitroperm 500F which is a nanocrystalline core. Contrastingly, the highest 
amount of volumetric power loss density is obtained when using Mix-26 and XFlux 60 
which are powder iron and silicon steel cores respectively.  
 
 
Figure ‎6-4: Volumetric power loss density versus flux density for various materials [87]. ©2011 
IEEE 
 
6.2 Design Procedure for Transformer Design 
The transformers employed for isolation are designed using the area product 
method described in [82]. The design methodology is explained in this sub-section. A 
flowchart describing the area product method is shown in Figure 6-5. Following this 
flowchart, the steps to design a medium or high frequency transformer are as follows: 
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Figure ‎6-5: Transformer design flowchart [82] 
 
1. The design starts by analyzing the specifications and operating conditions. The 
specifications and operating conditions include the transformer’s volt-ampere (VA) 
rating, output power, frequency of operation, the ambient temperature and the 
permitted temperature rise, and the load output power. The VA rating of the 
transformer is defined in (6.1) where n is the total number of windings (primary and 
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secondary) in the transformer, and Vrms and Irms are the voltage and current through 
each winding. 
 


n
i
irmsirmstot IVVA
,..2,1
,, )(       (6.1) 
2. Based on the specifications a core material can be selected. When operating in the 
medium frequency range, core materials such as silicon steel and amorphous provide 
a good trade-off in terms of size, losses, and cost. By choosing the material, a B-H 
curve of operation is obtained and the saturation flux density Bsat is determined. The 
material constants α and β are also obtained in this step. 
 
3. Once the core material is selected the optimal flux density Bo is calculated using 
(6.2). This optimal flux density occurs when the core losses are equal to the winding 
losses [82]. The obtained Bo must be compared to Bsat as given by the material’s B-H 
curve. 
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4. If Bo is less than Bsat the design is not limited by saturation and the area product Ap is 
calculated using (6.3) [82]. However, if Bo is greater than Bsat the design is limited by 
saturation and the operating flux density Bs must be chosen to be below Bsat (e.g. 
0.85Bsat). At this new operating point the winding losses and the copper losses will 
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not be equal and therefore the area product equation must be adjusted and calculated 
using (6.4), (6.5), (6.6), (6.7), (6.8). The calculation for Ap in this condition is an 
iterative process and the initial value Ap1 is given by (6.4). One iteration is enough to 
find the new area product as described in [82]. 
For Bo < Bsat 
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For Bo > Bsat 
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With the resulting area product a specific core is selected. Usually, the area product 
Ap is a parameter listed by core’s manufacturers. This parameter is also identified as 
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the product of the window area Wa and the core cross-sectional area Ac [24]. The 
selected core’s area product should be equal or higher compared to the calculated 
value. From the core selected the following parameters are obtained: Ac, Wa, Ap, 
mean length of a turn (MLT), and the volume of the core. 
 
5. The number of turns in the primary side is calculated using (6.9), where Vpri is one of 
the design specifications and refers to the maximum rms voltage applied to the 
primary windings. The turns for the windings on the secondary side are obtained 
using the well-known relation in (6.10). 
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6. The current density Jo is calculated using (6.11). With this value and with the 
currents through the primary (Ipri) and secondary windings (Isec), the cross-sectional 
area Aw of the winding conductors can be determined using (6.12).  Note that the 
cross-sectional area of for the primary and secondary side winding conductors will 
be different if the currents are not the same. 
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7. From Aw the wire diameter can be obtained assuming a circular conductor. A wire 
with a similar diameter must be selected. From the wire specifications the DC 
resistance (Rdc) is obtained in order to calculate the winding resistance. The 
resistance of each winding (Rw) is calculated using (6.13). 
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8. Once the winding resistance has been calculated for every transformer winding, the 
copper losses are calculated using (6.14). 
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9. The core losses are calculated using Steinmetz’s equation (6.15) 
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10. In medium or high frequency operation phenomena such as the skin depth might 
increase the copper and core losses and must be accounted for in order to determine 
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the transformer’s efficiency. The skin depth of a conductor is calculated using (6.16). 
Additional losses in the windings occur when the radii of the selected conductors is 
larger than the skin depth. In essence, the resistance of the windings is increased. The 
resistance under this high frequency effect can be approximated using (6.17) [82], 
where ro refers to the radius of the selected wires and σ is the conductivity of the 
wire. This AC resistance is then used to evaluate the copper loss. Note that if the skin 
depth is larger than the radii of the conductors selected, this step is skipped. 
 




f
1
  (6.16)  
 
  






4
4
/8.048
/
1


o
o
dcac
r
r
RR   (6.17) 
 
11. The last step is to calculate the transformer’s efficiency using (6.18). 
 
corecoppero
o
tr
PPP
P

      (6.18) 
 
6.3 Transformer Design Examples 
The three-phase AC-DC rectifier system introduced in Section 2 employs a 
transformer operating at 600 Hz. Meanwhile, the three-phase 12-pulse AC-DC rectifier 
system introduced in Section 3 employs a transformer operating at 20 kHz. This sub-
section details the design of these two transformers and compares their performance to a 
line frequency (50/60 Hz) transformer design. 
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6.3.1 Medium Frequency Transformer Design 
The operating conditions for the design of the medium frequency transformer are 
listed in Table 6-2. From the output load power requirement, the transformer VA rating 
is calculated. When employed with the push-pull based AC-DC rectifier system in 
Section 2, the transformer’s total VA rating is 2.58Po.  
 
Table ‎6-2: Design specifications for medium frequency transformer  
Parameter Value 
Output Power (Po) 7 kW 
Output Voltage (Vdc) 560 Vdc 
Input Voltage (Vl-l) 208 Vrms 
Transformer Operating frequency (f) 600 Hz 
Temperature rise (ΔT) 100 °C 
Ambient temperature (Ta) 40 °C 
 
Taking into account these conditions, silicon steel M19 material is chosen for the 
transformer’s core. The associated materials constants and properties associated with 
grain oriented silicon steel material are given in Table 6-3.  
 
Table ‎6-3: Silicon steel material constants and properties 
Parameter Value 
Core loss constant α 1.7 
Core loss constant β 1.9 
Material parameter Kc 3.388 
Saturation flux density Bsat  1.6 T 
 
Using these parameters, the optimum flux density Bo is calculated to be 0.57 T. 
Thus, the design is not limited by saturation. Using (6.3), the area product Ap is 
calculated to be 1460 cm
4
. A core satisfying this requirement must be chosen. The 
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characteristics of the core chosen for this design are listed in Table 4. Other winding 
specifications are also listed in this table. Using these specifications, the number of turns 
in the primary side is approximately 55 turns (55T). For the proposed zig-zag 
transformer, the secondary side has four secondary windings per phase. Based on the 
turns-ratio, the secondary side windings have 17T, 45T, 17T, 45T. Using (6.11), the 
current density for the selected core is 0.414 x10
6
 A/m
2
.Wires for the primary windings 
and secondary windings are selected based on the calculated bare wire diameter. The 
winding selected for the primary side windings has a 66mΩ resistance. The windings on 
the secondary side with 17T have an 8mΩ resistance while the secondary side windings 
with 45T have a 38mΩ resistance. The total copper losses are calculated to be 67 W 
using (6.13) and (6.14). The core losses are calculated to be 164 W. This results in a 
transformer efficiency of approximately 97%. The skin depth in this application is 2.7 
mm which is greater than the radii of the selected wire for both the primary and 
secondary side. Thus no additional losses occur by operating at medium frequency. 
 
Table ‎6-4: Core and windings characteristics for 600 Hz transformer 
Parameter  Value 
Core cross-sectional area (Ac)  25 cm
2
 
Window Area (Wa)  70 cm
2
 
Area product (Ap)  1750 cm
4
 
Mean length per turn (MLT)  28.3 cm 
Core volume (Vc)  2680 cm
3
 
Core stacking factor (kf)  0.95 
Window utilization factor (ku)  0.4 
Conductor resistivity  at 20 °C (ρ20)  1.72 μΩ-cm 
Copper temperature coefficient at 20 °C (α20)  0.00393 
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6.3.2 High Frequency Transformer Design 
 The design specifications for the HF transformer are listed in Table 6-5. The VA 
rating of the transformer was calculated to be 1.07Po in Section 3. Taking into account 
the transformer operating frequency of operation and the cost of magnetic materials, a 
ferrite core was selected for this design. The relative material constants and properties 
are listed in Table 6-6. 
 
Table ‎6-5: Design specifications for high frequency transformer 
Parameter Value 
Output Power (Po) 10 kW 
Output Voltage (Vdc) 560 Vdc 
Input Voltage (Vl-l) 208 Vrms 
Transformer Operating frequency (f) 20 kHz 
Temperature rise (ΔT) 100 °C 
Ambient temperature (Ta) 40 °C 
 
Table ‎6-6: Ferrite material constants and properties 
Parameter Value 
Core loss constant α 1.25 
Core loss constant β 2.35 
Material parameter Kc 16.9 
Saturation flux density Bsat  0.42 T 
 
Using the design specifications and the material constants, the optimal flux 
density is calculated to be 0.16 T which is below the saturation flux density. Therefore, 
the design is not limited by saturation. Using (6.3), the area product is calculated to be 
134 cm
4
. Using this area product an appropriate core was selected. The characteristics of 
the selected core are given in Table 6-7. Note that the area product of the selected core is 
slightly smaller than the calculated value but this is acceptable since the optimal flux is 
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well below the saturation flux density. The next step in the design process is to 
determine the number of turns of the transformer winding. From calculation, the number 
of turns in the primary windings is determined to be 33T. Using the turns-ratio 
relationship in (3.6), the secondary side windings have 15T, 6T, 15T, 6T respectively. 
The current density for the selected core is 2.5 x10
6
 A/m
2
. The primary winding 
resistance is calculated to be 20 mΩ, the secondary windings with 15T have a resistance 
of 8mΩ, and the secondary windings with 6T have a resistance of 1mΩ. The rms current 
through the primary and secondary windings is given by the relation found in Table 3-1. 
Using (6.13), the copper losses are 27 W. From (6.15), the core losses are calculated to 
be 20 W. Therefore, the calculated efficiency of the HF transformer is 99.5%.   
 
Table ‎6-7: Core and windings characteristics for 20 kHz transformer 
Parameter Value 
Core cross-sectional area (Ac) 4.4 cm
2
 
Window Area (Wa) 29.16 cm
2
 
Area product (Ap) 128 cm
4
 
Mean length per turn (MLT) 13.72 cm 
Core volume (Vc) 362 cm
3
 
Core stacking factor (kf) 0.95 
Window utilization factor (ku) 0.4 
Conductor resistivity  at 20 °C (ρ20) 1.72 μΩ-cm 
Copper temperature coefficient at 20 °C (α20) 0.00393 
 
 6.3.3 Line Frequency Transformer Design 
For comparison purposes a line frequency transformer is designed. The operating 
conditions for the line frequency transformer are the same as in Table 6-2 except that the 
frequency of operation is 60 Hz instead of 600 Hz. Since the proposed three-phase AC to 
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DC rectifier system is being compared to the conventional 12-pulse rectifier the line 
frequency transformer’s VA rating is 2.06Po. The same silicon steel M19 material is 
chosen for the core. Thus, the same material constants and properties given in Table 6-3 
are used.  
Using these parameters, the optimum flux density, Bo, is calculated to be 3.94 T. 
Looking at the B-H curve in Figure 6-1 it is observed that Bo is above the saturation flux 
density Bsat. Thus, the design is limited by saturation and a peak flux density of 0.85Bsat 
is chosen. The second iteration for the area product Ap yields 4300 cm
4
. The core 
selected for this design has the characteristics listed in Table 6-5. Other winding 
specifications are also listed in this table. 
 
Table ‎6-8: Core and winding characteristics for 60 Hz transformer 
Parameter Value 
Core cross-sectional area (Ac) 28.125 cm
2
 
Window Area (Wa) 157.5 cm
2
 
Area product (Ap) 4430 cm
4
 
Mean length per turn (MLT) 34.8 cm 
Core volume (Vc)  9045 cm
3
 
Core stacking factor (kf) 0.95 
Window utilization factor (ku) 0.4 
Conductor resistivity  at 20 °C (ρ20) 1.72 μΩ-cm 
Copper temperature coefficient at 20 °C (α20) 0.00393 
 
The number of turns on the primary side is determined to be 204. For 12-pulse 
operation, the secondary side must have two windings. One winding has the same 
number of turns and the other has a factor of 1.732. Thus, one secondary winding must 
have 204 turns while the other secondary winding must have 354 turns. The number of 
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turns in this design is relatively high compared to the number of turns used in the 600 Hz 
transformer design. The increase in the number of turns is expected because the 
frequency of operation has decreased and the same voltage requirements are kept. Thus, 
the copper losses are expected to increase. 
For the selected core, the current density is calculated to be 1.94 x10
6
 A/m
2
. In 
this design, the core losses are 58W while the copper losses are approximately 139W to 
achieve 97% transformer efficiency. This is the same efficiency achieved for the 600 Hz 
transformer design. 
6.3.4 Comparison of Transformers 
The line frequency, MF and HF transformer designs are compared in Table 6-9. 
The parameters used for comparison include the output power, core material, area 
product, core volume, losses and efficiency. 
 
Table ‎6-9: Comparison of transformer designs 
Parameter Line Frequency 
Transformer 
Medium Frequency 
Transformer 
High Frequency 
Transformer 
Core Material Silicon Steel Silicon Steel Ferrite 
Output Power 7 kVA 7 kVA 10 kVA 
Area Product (Ap) 4430 cm
4
 1750 cm
4
 128 cm
4
 
Core Volume (Vc) 9045 cm
3
 2680 cm
3
 362 cm
3
 
Winding Losses 139 W 67 W 27 W 
Copper Losses 58 W 164 W 20 W 
Efficiency 97% 97% 99% 
 
The area product of the line frequency transformer is approximately three times 
larger than the area product required for the 600 Hz transformer design. The vast 
difference in the area product between the 60 Hz and 600 Hz design indicates that the 
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core chosen for the 60 Hz design must be substantially larger in size/weight. Indeed, for 
the same output load, input voltage, and transformer efficiency, the line frequency 
transformer has a core volume of 9.045 L while the MF transformer has a core volume 
of 2.68 L. The core volume of the MF three-phase transformer is 30% of the core 
volume of the line frequency transformer. This is a great size reduction achieved by 
increasing the frequency of operation by 10 times. 
 The 20 kHz transformer which is rated for 10 kW operation has an area product 
that is almost 14 times smaller compared to the MF transformer’s area product. This 
indicates that the transformer size is further reduced by operating at HF. The HF 
transformer has a higher power handling capacity and its core volume is 14% of the MF 
transformer’s core volume. In other words, the HF transformer is seven times smaller 
than the MF transformer. Remarkably, the HF transformer is twenty-five times smaller 
than the line frequency transformer. This reduction in core volume is extremely useful in 
applications where power density is a priority. 
 
6.4 Maxwell Modelling of Transformer Designs 
The transformers designed in the previous sub-section are modelled using Ansys 
Maxwell Finite Element Analysis (FEA) software to verify the magnetic behavior of the 
transformers.  
6.4.1 Medium Frequency Transformer Maxwell Design. 
For the medium frequency transformer, the 600 Hz B-H curves in Figure 6-1 is 
used. The core loss versus frequency data for silicon steel M19 material is given in 
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Figure 6-6. This data is used in the software to estimate core losses when excited at 
different frequencies. A 2D transformer simulation model is constructed with 
dimensions 34 cm x 24 cm. The model depth of the transformer is set to 5 cm. The 
primary windings are excited using the voltage waveforms shown in Figure 6-7; these 
waveforms correspond to the three-phase MF AC link created by switching S1/S2 
complementarily at 50% duty cycle as explained in Section 2. Under this excitation, the 
transformer core exhibits a flux density distribution as shown in Figure 2-16. From this 
plot it is observed that the core is operating below the saturation region. Figure 6-8 
shows the corresponding field intensity distribution and Figure 2-17 shows the flux lines 
through the core. The simulated core losses as reported in Section 2 are 69 W. The vast 
difference between the calculated losses occurs because the software does not take into 
account all the physical effects in a core [56]. 
 
 
Figure ‎6-6: Silicon steel M19 core loss curves at 60 Hz and 600 Hz. 
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Figure ‎6-7: Three-phase AC link exciting primary windings of the medium frequency transformer. 
 
 
 
Figure ‎6-8:‎Magnetic‎field‎intensity‎of‎the‎transformer’s‎core. 
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6.4.2 High Frequency Transformer Maxwell Design 
 A 2D model is also built in Ansys Maxwell for the HF transformer. The core 
material selected is ferrite 3C94. The B-H curve for this particular material is given in 
Figure 6-3. The volumetric power loss curve for this material is given in Figure 6-9.  The 
2D model has width of 17.6 cm and a height of 12.32 cm. The depth of the transformer 
is set to 3 cm resulting in a transformer volume of 0.65L. The primary windings of the 
transformer are excited with a three-phase HF AC link as shown in Figure 6-10. These 
voltages represent the output voltage produced by the AC-AC converters in Section 3. 
Figure 3-12 shows the flux density distribution of the transformer; the transformer 
operates at 0.34 T which is below the saturating region. The corresponding magnetic 
field intensity distribution of the transformer is plotted in Figure 6-11 confirming proper 
operation. The simulated core losses as reported in Section 3 are 3W. Thus it can be 
concluded that FEA simulations do not give a precise indication of core losses. 
However, these simulations aid in determining whether the transformer size is 
appropriate for the given excitation. In other words, the simulations confirm whether or 
not a transformer will saturate. 
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Figure ‎6-9: Volumetric power loss for ferrite 3C94 as a function of flux density 
 
 
 
Figure ‎6-10: Three-phase excitation for HF transformer. 
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Figure ‎6-11: Magnetic field intensity. One limb operates at approximately 85 A/m which is below the 
saturation region. 
 
6.4.3 Line Frequency Transformer Maxwell Design 
The transformer designed in sub-section 6.3.2 is also modelled using Ansys 
Maxwell FEA software. The 2D transformer model has a width of 51 cm and a height of 
36 cm. The depth of the transformer is 7.5 cm resulting in a transformer volume of 13.7 
L. These dimensions are in accordance with the core specifications given in Table 6-5. 
The windings in the primary side are excited with sinusoidal voltages as shown in Figure 
6-12. A plot of the magnetic field density (at t = 20 ms) under sinusoidal excitation is 
given in Figure 6-13. At this particular time, the peak flux density on the core is around 
1 T which is below the saturation region. This shows that the core size is adequate for 
the given operating conditions. The corresponding magnetic field intensity plot is shown 
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in Figure 6-14 and flux lines through the core are shown in Figure 6-15.  The simulated 
core losses are shown in Figure 6-16 and amount to 59 W which is really close to the 
calculated value. 
 
 
Figure ‎6-12: Three-phase sinusoidal excitation (120 Vrms) for primary windings of the line frequency 
transformer. 
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Figure ‎6-13: Flux density distribution of line frequency transformer. 
 
 
Figure ‎6-14: Magnetic field intensity distribution of line frequency transformer. 
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Figure ‎6-15: Flux lines through the core. At this particular time, the flux concentrates in the interior 
three limbs. 
 
 
Figure ‎6-16: Simulated core losses of line frequency transformer. The average losses are 59 W. 
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6.5 Conclusion 
 This section explained the benefits of operating a transformer at medium or high 
frequency. A transformer design procedure based on the area product method was 
explained in detail. Using this design procedure, three transformer design examples were 
investigated. It is determined that operating the transformer at 600 Hz results in a core 
volume that is three times smaller than its line frequency counterpart. Moreover, it was 
shown that the 20 kHz transformer is seven times smaller than the MF transformer. The 
magnetic operation of these transformers was confirmed through Ansys Maxwell FEA 
simulations. 
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7. CONCLUSION 
7.1 Summary 
 In this dissertation, four novel three-phase AC-DC rectifier systems with higher 
frequency isolation were proposed. The conventional and state of the art three-phase 
rectifier systems were discussed and their shortcomings identified. The proposed system 
in Section 2 is a push-pull based three-phase rectifier employing MF (600 Hz) isolation. 
Operating the transformer at 600 Hz reduces its size three times compared to the 
equivalent 60 Hz design. It is shown that the utility input current has 12-pulse 
performance. Experimental results on a 3.15 kW prototype validate the operation of the 
system. This topology is best suited for applications where output voltage regulation is 
not required such as the front-end of adjustable speed drives. 
 A three-phase AC-DC rectifier with HF (20 kHz) isolation is presented in 
Section 3. Remarkably, the HF transformer employed for isolation is twenty five times 
smaller compared to a line frequency transformer. A design example and detailed 
analysis were presented to explain the operation of the proposed system. It is shown that 
the utility input current exhibits 12-pulse performance over a wide range of output 
voltage control. Experimental results on 1 kW prototype validate the operation of the HF 
12-pulse rectifier. The HF 12-pulse rectifier is well suited for applications such as 
electric vehicle charging. The feasibility of various embodiments of the proposed system 
was explored and their operation was demonstrated through simulation results. 
   In section 4, a three-phase PWM rectifier is presented. The operation of the 
PWM rectifier with programmed unipolar switching functions is explained. It is shown 
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that the utility input current waveforms are essentially the same as the programmed 
unipolar switching function. Thus, the harmonic content of the current can be programed 
as desired. A design example eliminating the 5
th
, 7
th
, 11
th
, and 13
th
 harmonic from the 
utility input current is explained. Detailed analysis and extended simulation results 
validate the operation of the proposed PWM rectifier. Output voltage control is achieved 
by varying the modulation index. 
 A bidirectional three-phase AC-DC rectifier was presented in Section 5. The 
converter operates in soft-switching conditions in both the rectifier and inverter mode. 
Extended simulation results are shown for both modes. The input current exhibits 
sinusoidal performance at unity power factor. Galvanic isolation is achieved through a 
single-phase HF transformer. Experimental results on a 500 W prototype validate the 
operation of the resonant tank and HF transformer. 
 Finally, a design procedure for medium and high frequency transformers was 
presented in Section 6. Design examples were provided for a line frequency transformer, 
a medium frequency transformer, and a high frequency transformer. The design of the 
transformers was validated using Ansys Maxwell FEA software.  
 
7.2 Future Research Opportunities 
 As in any research topic there is room for future study with regards to the 
proposed three-phase AC-DC rectifier systems. With respect to the push-pull based 
rectifier in Section 2 an area to be investigated is the design of an active clamp to 
recover the energy stored in the leakage inductance of the transformer windings. This 
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would improve the system’s efficiency. Currently, the proposed scheme employs a 
passive clamp (Rcl, Ccl) leading to power losses. A possible alternative to the passive 
clamp is to connect a high efficient flyback converter at the output of the diode clamp 
circuit and feed the recovered energy to the output. The improvement in efficiency 
versus the added cost is a trade-off that would have to be considered. 
 The proposed HF 12-pulse rectifier in Section 3 is very attractive due to its 
simplicity, high power density, and good current quality. An area of further investigation 
would be the implementation of this topology using wide-bandgap semiconductor 
devices such as GaN. Using these kinds of devices would improve the system’s 
efficiencies because the switching losses and conduction losses would reduce. The cost 
of the topology would have to be considered because wide-bandgap devices are more 
expensive than regular silicon devices. An alternative to improve the efficiency is to 
investigate methods for soft switching operation. An LC resonant tank at the output of 
the AC-AC converters could be explored. Another suitable area for study is an analysis 
of the optimal number of series stacked AC-AC converters for medium voltage 
applications. 
 Another area suitable for future work is the implementation of the proposed 
PWM rectifier with wide-bandgap devices. The system’s efficiency would benefit from 
using such devices. Soft switching methods can also be studied. The bidirectional 
capability of the PWM rectifier can also be explored. The indirect AC-AC converter 
could be replaced by a direct AC-AC converter (i.e. 1x1 matrix converter) and the output 
six-pulse diode rectifier could be replaced by a six-switch converter. This would increase 
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the complexity and number of devices but would be attractive for energy storage 
applications. 
 In general, the reliability of the proposed three-phase rectifier systems merits 
future investigation. Future work in the mentioned areas could facilitate the deployment 
of the proposed systems in the industry sector. 
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APPENDIX A 
This appendix shows the semiconductor curves used in PLECS thermal models 
to calculate the efficiency of the systems proposed in Section 3 and Section 4. Figure A-
1 shows the conduction loss data for device VUE 75-06NO7. The voltage drop as a 
function of the device current is shown for three different temperatures. This 
semiconductor device was used to obtain the conduction losses for the single-phase 
diode rectifiers in the AC-AC converters and for the output six-pulse diode rectifiers.  
Similarly, Figure A-2 shows the turn-on loss data used in the thermal model for 
device IXXH50N60C3D1. The turn-off loss data for this device is given in Figure A-3. 
 
 
Figure A-1: Conduction loss data for device VUE 75-06NO7. This is used to calculate conduction 
losses. 
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Figure A-2: Turn-on loss data for device IXXH50N60C3D1. This is used to calculate switching 
losses. 
 
 
 
Figure A-3: Turn-off loss data for device IXXH50N60C3D1. This is used to calculate switching 
losses. 
 
